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ABSTRACT 
In th i s  thesi.s, geophysical ,  hydrologica � a�d G IS  techniques were app l ied for . evaluatlOn of gr�undwater potentIa l Ity and land use p lanning for agncu ltural purposes In  the A l  Dhaid area, United Arab Emirates. 
The gravi ty anomal ies y ie lded three faul t  trends ENE-WSW NNW­
SSE and E-W . . The fault  d isp lacements range from 70 m to 320 
'm, with 
downthrown s Ides towards the northwest. The saturated thickness of 
sed imentary section above the ophio l ite series varies between 700 m in 
the northwest and more than 3 500 m at the northwest. The result  of the 
res ist iv i ty and TDEM surveys produced a four- layers model based on 
thickness res ist iv i ty, and total di ssolved sol ids (TDS) contents. The four 
l ayers, from top to base, are: the suficial  l ayer (thickness = 1 . 5 to 5 m 
res ist iv i ty = 5 00 to 2000 ohm.m and IDS = 1 0  to 50 ppm), the uppe; 
aqu i fer ( th ickness = 5 to 5 m, res ist iv i ty = 205 to 605 ohm.m and IDS = 
200 to 2000 ppm) the aquic lude (thickness = 28 m ot 1 50 m, res ist ivity = 
1 0  to 1 000 ohm.m and TDS = 1 00 ppm to 3 00 ppm) and the lower 
aqu i fer (thickness = 80 to 450 ill, res ist iv i ty = 20 to 1 00 ohm.m and TDS 
= 1 00 - 7500 ppm). Analysis of wel l  l ogs indicated that porosi ty values 
ranges from 5% in some l imestones to 47% in fractured dolomit ies .  
Temperature, conduct iv i ty and hydrochemistry logs showed the 
d i rect ions of groundwater flow and sal ine-water i ntrusion.  
The hydrogeologic units ident ified in  the Al  Dhaid area inc lude an 
upper free to semi-confined aqui fer, an aqu ic lude and a lower confined 
aqu i fer. The regional  groundwater flow direction is from the main 
recharge area i n.Northern Oman Mountain i n  the east torward the natural 
d i scharge area·the Arabian Gulf  in the west . Between 1 984 and 1 999, a 
20 km d iameter cone-of-depression centered around the observation wel l 
GP- 1 5 resulted from excessive groundwater pumping for a l l purposes. 
The average hydraul i c  gradient varies from 0.025 in the east to 0.005 in  
the west. The TDS content i n  groundwater of the Al  Dhaid area changes 
from <750 mg/l  i n  the northeast to 3 000 mg/ I  i n  the central area and 
>7500 mgtl i n  the southwest.  The sequence of cat ion dominance is Na+> 
Mg2+> Ca2+ and the sequence of anion dominance i s  C I> sol> HC03-. 
The IDS content and total hardness show that the groundwater i n  some 
local i t ies  at the study area i s  not sui tab le  for drinking and domesti c  
purposes. B ecause o f  the agricultural act iv i ty a t  and around the A l  Dhai d  
area, the concentrati on of N03 - i n  some samples i s  above the WHO 
recommended l im i t  for drinking water ( 1 0 mg/l N03--N). 
The resul ts of G I S  model ing ind icate that the eastern strip of the study 
area has a h igh groundwater potent ial i ty because of the i ntersection of 
more than one structural  trend and low sal i ni ty ( IDS = 1 5 00 gm/l) .  The 
areas of the A l  Dhaid c i ty and i ts surrounding and the south central area 
are most favorable for agricu lture because groundwater i n  both areas has 
moderate sal i n i ty (TDS =3000 mg/I) ,  low SAR « 1 0), shal low depth to 
groundwater « 45 m) and soi l  types suitable for agriculture. 
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CHAPTER! 
INTRODUCTION 
C H A PT E R  1 
INTRO DUCTION 
1 . 1  G enera l  Sta temen t  
The c lose proximi ty o f  the Al Dhaid  area t o  Northern Oman 
Mounta ins in UAE and ava i labi l i ty of reasonab le groundwater resources 
ha e made it a favorable site for i ntens ive agricultu ral act iv it ies s ince 
early 1 970s. The wide app l i cation of mechanical submers ib le  pumps in 
numerous water wel l s  has led to acute aqui fer deplet ion due to excessive 
groundwater d ischarge compared with the l i mi ted recharge . Thi s  
unbalanced s i tuat ion has resul ted in  a sharp dec l i ne of groundwater 
l eve l s  i ncreasing groundwater sal i n i ty, dryness of sha l low wel l s  and 
deteriorat i on of groundwater qual i ty .  
The M in istry of Agricu l ture and F isheries (MAF) has early rea l ized 
these problems and conducted intensive fie ld survey us ing geophysical ,  
hydrogeological and hydrogeochemical techn iques for assessment of 
groundwater problems in the Al Dhai d  area. I n  this regard, the MAF 
cooperated with i nternational agencies,  such as IW ACO Consu l tants for 
Water and E nv i ronment ( 1 986) and Japan Internat ional Cooperation 
Agency (nCA) i n  1 996. 
S i nce these studies were conc luded in 1 995 ,  the researcher found it 
necessary to conti nue fie ld  i nvestigations and make use of recent 
2 
app l i cations of Geographic Information System (GIS )  techniques for 
eval uation of groundwater resources in the Al  Dhaid area. For th is  
purpose, integration of previous data as wel l  as present field and 
laboratory resu l ts were used to develop a comprehensive GIS  model for 
water resources eval uation, p lanning and protection . 
1 .2 Locat ion of the  Study A rea 
The study area is a part of the central  agricu l tural  region in UAE. I t  
covers 850 km2 and i s  bounded by Longi tudes 5 5° 50° and 56° 00 E ,  and 
Lat i tudes 25°  00 and 25°  23°  N. It i s  extends from the Northern Oman 
Mountains in the east to the Fayah Mountains in the west. The northern 
agricu l tural region l i mits the study area i n  the north and the AI-Madam 
p la in  represents i ts southern boundary ( F ig.  1 ). 
1 .3 Object ives 
The present study employed ava i l ab le  field-measured geophysical 
data, hydrogeologic  i nvest igation, groundwater chemistry and soi l  
c lass i ficat ion ,  a long with the ESRl G I S  package, for evaluation 
groundwater potent ia l i ty of Al Dhaid area. 
The study a lso i nc luded i dent ificati on of major surface and subsurface 
geo logic structures, assessment of groundwater qual i ty, d isti nction of 
d i fferent hydrogeologic uni ts  and evaluat ion of land use for agriculture. 
A .1 Ir 
llmm al b.ah'��1 
1 
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- ( 
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Figure 1. 1 .  Location map of the study area. 
1.4 Methods of tudy 
1.4. 1 Field-measurements 
The field-measured data inc lude depth to groundwater in the 
observat ion wel l s  of the Min ist ry of Agricul ture and F i sheries within the 
study area for the period of 1 995- 1 999. 
The physical parameters of groundwater samples including 
temperature (OC), e lectrical conduct iv i ty (EC) in IlS/cm and hydrogen ion 
concentration (pH) were also measured in the field. In addit ion to 
pumping test experiments, infi l tration measurements, geoelectrical and 
wel l  logging field surveys which was part ic ipated with the Ministry of 
Agricu l ture and F i sheries. 
1.4.2 Laboratory Analyses 
Groundwater samples from about  1 00 private wel l s  were analyzed for 
major cat ions (Ca2+, Mg2+, Na+ and K+) and anions (CO/-, HC03-, SO/­
and Cr)  in  the central l aboratories  of the Min istry of Agricu l ture and 
Fisheries. The resu l ts were p lotted on Piper ( 1 944) diagram and presented 
as contour maps using SURFER computer program versi on 5 . 0 1  surface 
mapping system (Golden Software Inc., 1 994). 
5 
1 .4.3 Office �Vork 
Office work inc ludes analysi s and presentation of field-measured data 
laboratory analyses and resu lts of previous geophysical i nvest igations on 
relevant charts and graphs. These data inc lude geophysical i nformation, 
groundwater levels and analyses of groundwater chem istry . 
The GIS mode l i ng was carried out in the Department of Geography, 
UAE Univers i ty us ing ArcView GIS 3 .2 package (ESRI products) with 
ArcView Spat ia l  Ana lyst, under Windows NT 4 .0  platform . 
CHAPTER 2 
GEOMORPHOLOGY AND 
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C H A PT E R  2 
G EOMO R P HO LOGY AND G EO LOGY 
2. 1 G eomorpho]ogy 
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The study area i s  located within wadi flats and desert that stretches 
from the foothi l 1 s  of the Northern Oman Mountains in the east to the 
Arabian Gulf in the west ( F ig.2. 1 ) . The monotonous terrain consists of 
vast flood plains with minor dunes of an uneven configuration. A number 
of wadi channel s  traverse the study area form the east towards the west. 
The largest of these are Wadi Al Dhaid Wadi S ij i ,  Wad i  Kadrah, Wadi 
Hamdah and Wadi Th iqebah. The presence of s i l t  in flat low lying 
ground between the wad i  terrace and fluvia l  fans indicates that the study 
area is prone to periodic flooding from the Northern Oman Mountains. 
Al though the floodwater is temporari ly retained in such s i l t  flats, low 
lying l and and sand dunes, most of the water may be lost by 
evapotranspiration (Ministry of Communicat ions, 1 996). 
Thi s  topography is very common in the western foothi l l s  of the 
Northern Oman Mountains and s im i l ar types of a l l uv ia l  fans a l ign and 
connect with each other to form what i s  cal led a bahada plain. Large 
fluv ia l  fans such as the Madam pla in and lir i  p la in a l so l i e  on a s imi lar 
a l ignment of the Al Dhaid bahada pla in (JICA, 1 996;Al Farraj, 1 996). 
• I. ��"==�' 
Af== Alluvial Fan 
Fp = Flood Plain 
H.d = River Bcd 
Sd == Sand Dune 
Tr == Trace 
Pd == Pediment plain 
-..) 
Figu rc 2.1. C como '"phologic rna Jl of the study a rca (,II CA, J 996) 
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2.1.1 Northern Oman Mountains 
The Northern Oman Mountains extend to the east of the study area 
and is characterised by a rugged terrain with steep slopes and a number of 
scarps. Most of the area lies between elevations 0[200 m and 1 200 m .  
The drainage ljnes downgradient of the mountain area general ly display a 
dendritic pattern (Al- Frraj, in prap.), control led in places by protruding 
rock mass, joints and faults. Along Wadi Sifuni, Wadi Shawkah and 
Wadi Thiqebah, a relatively dense dendritic drainage pattern is seen 
(nCA 1 996). However, the northern watersheds, such as Wadi Siji and 
Wadi Ghayl, display a linear drainage pattern close to the structural zones 
(Al- Farraj, 1 996;Al- Farraj, in prap .) . 
The wadi val leys are generally fil led by Mid Pleistocene gravel and 
sand, which are locally cemented forming conglomerate. More extensive 
flood plain deposits mixed with recent loose gravels  and sands overlie 
these sediments. The continued down cutting develops many stepped 
river terraces and forms deep grooves along the wadi courses at the 
foothil ls  of the mountains (Al- Farraj, 1 996;Al- Farraj, in prap .). 
Most seepage and water sources of shallow wells come from 
groundwater concentrated at the junctions between rock mass and the 
aforesaid gravel layer. Evidence of groundwater storage is c learly 
apparent in the ophiolite mass itself and occasional seepage breaks out 
during the rainy season where the fractures and weathered zones are 
highly integrated. 
2.1. 2 Piedmont alld Gravel Plains 
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Most of the study area is  covered by terrace, alluvial fans and 
floodplain deposits (JAlCA,1 996;Al-Farraj ,2000). The alluvial fans 
extend from the foothi l ls of the mountain to sand dunes, which spread out 
from the Jebel Fayah - Jebel Mileiha line to the coast of the Arabian 
Gulf. In the study area, numerous small wadi channels gather into the 
mam channels of Wadi AI Dhaid, Wadi Kadrah and Wadi Hamdah .  
Between these channels, broad flood plains are found i n  the middle of the 
gravel plain .  I n  the downstream area, al l  such channels merge into Wadi 
Lamhah and the flood plain becomes restricted to its course . 
The runoff from the Northern Oman Mountain leaves a faint 
indication on the gravel plain.  However, the deposits originate from a 
series of older fans. Coarser particles or a thin silt layer generally covers 
the surface of the plain .  The size of the sediment is clearly graded along 
the wadi courses. At Wadi Kadrah, which is located on the border 
between the Northern Oman Mountains and the gravel plain, large 
gravel s  ranging from pebble to boulder are scattered. Downstream near 
the Wadi Lamhah, coarse sands to fine gravel are mainly distributed even 
in  the centre of the wadi course .  Most gravel is composed of weathered 
serpentinite derived from the Ophiolite Series. However, i n  some places 
around the l imestone ridges, calcareous and sil iceous gravel IS 
occasionally dominant. A dry wadi pattern or a series of ridges of 
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Maastrichtian li mestone breaks the gentle slope of the plain (e .g. Jebel 
Mileiha and Jebel Fayah). Sand dunes bordering the western edge of the 
gravel plain form a natural barrier against surface runoff (AI- Farraj,2000). 
2.1.3 Inland Plains and Sand Dunes 
These areas form a rectangular bounded by the gravel plain and the 
hills that straddle Jebel Mileiha and Jebel Fayah. To the west, the coastal 
sabkha and the Gulf coast bound the area. The dune sand is composed 
mostly of either carbonate or quartz derived from shell fragments and 
quartz-bearing rocks. The carbonate sand is found mostly near the 
coastline while the quartz sand is inland. The quartz sand of this area is 
easily distinguished by its reddish colour caused by iron oxide staining 
the grains (Al- Frraj, in prap.) .  
Most of the dunes are generally aligned in the ENE-WSW direction, 
approximately perpendicular to the prevailing wind direction. These are 
recent dunes and are mobile; often forming a series of sand dunes strung 
out in a NW-SE direction (Glennie et aI . ,  1994). Otherwise, the older 
series of dunes are in general recognised by being larger and higher than 
the recent dunes. The largest dune is found in the north of the study area 
and is 209 m in  elevation. This older dune type is  occasionally fixed by 
vegetation and is composed of more ancient dune materials constructed 
over several cycles of on-shore sedimentation. 
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Fie ld observat ion of the depth of saturated sand after rain storms 
ind icated that a h igh infiltrat ion rate might be poss ib le wh ich can 
contri bute to groundwater recharge from local drainage in the dune area 
(JAI A 1 996) . The basic geomorphologic features recogn ized in the 
study area are summarized in Table  2.1 
Table 2. 1 Topograph ical subdiv i sions and geological units in the study 
area (JICA, 1996). 
Topog raph ical  Land Formation Type Geological  Un i t  
Divis ion 
Northern Erosional s lopes (Os) Semai l ophiol i te 
O m an sequence 
Moun ta ins  (Hy) Hayabi complex 
(Hw) Hawasina 
assemblages 
Piedmon t and (Tr) Trace or d i ssected Maastrichti an-Tert iary 
gravel p la ins  l imestones and sediments 
carbonates (Jw) Juweiza Formation 
(QhfUa r) Qahlah 
( Pd) Pediment pla in Formation 
( Esh) Eocene shale  
In lan d  p la in s  (At) Old  d issected a l l uv ia l  (GrefUfa) Cemented 
and san d fan gravel and terrace 
d un es (At) New active a l l uv ia l  deposits of the 
fan Upper Far 
(F p) Flood pla in Format ion 
(Rd) River bed of active (AI) Superfic ial deposits 
wad i  o f  Recent a l l uv ia l  
(Sd) Sand dunes and gravels and sands 
troughs 
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2 .2  Geology 
2. 2. 1 Surface Geology 
The major geological uni ts In  the study area compri se the Semai l 
ph iol i te sequence, a l lochthonous uni t ( the Bat inah complex) and 
neoautochonthonous Maastri cht ian sed iments ( F ig. 2.2) .  The fol lowing i s  
a summary of l i thological characteri stic and geologic structure of these 
un its, based on J ICA s ( 1 996) study mainly and (Al leman and Peters, 
1 972'A lsharhan and Kendal l ,  1 986; A lsharhan and Nairn, 1 988 ). 
2. 2. 1. 1 Semail Ophiolite Sequence (Op) 
Thi s  i s  the largest and most extensive uni t with in the study area and i ts 
major outcrops are confined to the Northern Oman Mountains . As a resu l t  
of syn- and post emplacement fau l t i ng and fold ing, the ophiol i te nappe 
has been broken i nto a number of more or less intact structural blocks. 
The whole sequence represents a complete sect ion up to 20 km thick 
through mid-Cretaceous oceani c  l i thosphere . Many of the fau lts in the 
upper part of the ophio l i te can be demonstrated to be oceanic  structures 
even though they may have been react ivated during and after 
emplacement. The base of  the nappe i s  marked by a zone of myloni t ized 
and h ighly  sheared peridotite, known as the "banded uni t", the structures 
of whi ch c learly overprin t  an earl ier mantle  tectonite fabric and which 
appear to have formed dur ing amphi bo l i te facies metamorphi sm. 
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Rad iometri c dating of metamorphic rocks yields mid to late-Cretaceous 
age . The K- r and Rb-Sr mineral ages ranging from 70 to 95 mi l l ion 
years . During the later stage of nappe emplacement and post­
emplacement, the lower u l tramafic part of the oph io l i te has been 
extensively serpent in ized. Apart from these effects, the Semai l  Ophiol ite 
nappe represents a more or less complete and largely unal tered section of 
m id-Cretaceous ocean ic  upper mant le and crust . 
2.2. 1 .2 Allochthonous Unit (The Batinah Complex) 
This fac ies comprises several a l lochthonous units, wh ich overl i e  the 
Sema i l  nappe a long the western edges of the mountains . It consist of a 
lower melange composed of blocks of the Semai l Ophio l i te (Os), exotic  
l imestones, Hayabi volcanics ( Hy), Hawasina sed iments (Hw), 
metamorphic  rocks and serpentin i te, which loca l ly has a deposit ional 
contact with the top of the ophiol i te . 
2.2. 1 .3  Juweiza Formation (Jw) 
The Oman Mountains were subjected to a major deformation in  the 
Cretaceous (Turonian - Campani an period) ,  wi th the emplacement of far­
t ravel led thrust nappes from northeast to southwest onto the Arabian 
Peninsu l a  marg in .  The nappe emplacement onto the Arabian forel and was 
preceded by a deepening of Arabian she l f  margin i n  the mid to late 
15 
retaceous Period . Thi s  emplacement was assoc iated with the deposit ion 
of deep-water sed iments d i sconformably above the Cenomanian shelf and 
s lope l imestone fol lowing subsidence of the continental margin .  Deep­
water sed imentary melanges, found in  the upper part of the Hawasina and 
Hayabi complexes, were probably developed at an earl ier t ime in a more 
d i stant sett i ng. Syn-emplacement flysch deposits of Campanian age 
(Juweiza Formation ) were deposi ted in fore deep i n  front of the 
advanc ing nappes. Post-emplacement fold ing, upl ift and erosion of the 
nappes were complete by the Maastr icht ian Period when a transgressive 
series of c l ast ic sediments and shal low water l imestone were deposited 
across the mountainous area. Late Cretaceous nappes emplacement in the 
Oman Mountains has several features in common with the each other. 
2. 2. 1 .4  Neoautochonthonous Sediments and Tertiary Structures 
The Maastr icht ian, Palaeocene and Eocene sed iments, mainly 
l imestone with a total th ickness of up to 600 m, unconformably overl i e  
the late Cretaceous a l lochthonous un i ts of the Oman Mountain  Range 
along i ts  eastern and western flanks. There are two fac ies :  
2.2. 1 .4. 1  Qahlah Formation 
The coarse gra ined c l ast ic are l argely restricted to the eastern side of 
the mountains, whereas, by contrast, on the western s ide, the l imestone 
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rests d i rectly on older rocks. In  places subaerial exposure and laterit ic 
weathering of the ophiol lte occurred before Maastricht ian sedimentation 
took place . 
2.2. 1.4.2  Maastrichtian Lower Tertiary Sediments 
These sedi ments were deformed during the mid-Tert iary Eocene 
Period . The tectonism was paI1 icu larly severe in the nor1h, a long the 
western s ide of the Musandam Pen insu la .  The Mesozoic  l imestone of the 
Ru 'us AI I ibal Massif was d isplaced several k i lometres westward along 
the Hagab thrust. Along the l ine of the thrust, the l imestone is local ly 
overturned and thrustover the Eocene shale. In general ,  the Tertiary fold 
axes trend para l l e l  to the mountains from N-S in  the north to NW-SE and 
E-W further south .  It has been suggested that the Tertiary fold ing i s  the 
resu l t  of react ivation of basement faul ts and local upl i ft, perhaps partly 
due to salt doming. A regional origin i s, however, suggested by the 
widespread development and consistency of trends and d i rections of the 
fold  axes. 
The post-Miocene h i story of the area is one of repeated upl ift of the 
mountains and subsidence of the flanks with thick sediment deposit ion. 
Over 4000 m of the Neogene sediments i n  an offshore borehole on the 
Oman continental marg in where extensive s lumping of the thick semi­
conso l i dated sediments have been i dentified on se ismic profiles. Cycles 
of repeated upl i ft  are recorded by a series of gra el-capped terraces on the 
flanks of the mountains . Ele ated terraces above sea level are found in 
some places, but are as yet undated . In the major mountain wadi s  
cemented gra e l  are pushed up to  50 m above the present val ley floors. 
2.2 .2 Subsurface Geology 
F igure 2 .3 i s  a NW-SE geologic cross sect ion across the study area 
i l lustrati ng the subsurface strat igraphi c  uni ts .  The figure also c learly 
ind icate the i nfluence of major fau l ts on the th ickness of each of these 
uni ts .  
Table 2 .2 summ aries the subsurface l i thologies encountered in the 
study area, based on the data obtained from two boreholes (B  1 and B2) 
and from geophysical i nvestigations . 
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Table 2.2 Subsurface L i thology in two boreholes B l and B2  at the Al 
Dhaid area (] leA 1 996) 
Formation 
A Jluviu m  
Limestone 
Dolomite 
. M a rl and 
M a rly 
L ime tone 
Li thology (Borehole 1) 
Sand and gravel (0- 1 7m) dom inated 
by l imestone with an a erage 
porosity of 35%.  Some thin c lays are 
noted 
Limestone ( 1 7-85 m) with 
interbedded dolomite. The average 
porosity of 40%. The porosity is 
ident i fied as primary in origin.  
Dolomite (85- 1 3 3 m) with an 
average porosity of 36%. Some 
secondary porosity I S  i dentified 
especial ly between 1 22 m and 1 3 3 m 
where joints and fractures are noted 
in cores. Dolomitic L imestone ( 1 33-
200 m) i n  places with a variable 
porosity of 20%. Some thin c lays are 
present and secondary porosity I S  
betvveen 1 69 and 1 90 m .  
N o t  observed 
Lithology( Borehole 2) 
Sand and gravel (0-29m), 
l imestone and dolomite with 
an average porosity of 3 2% to 
50% 
Limestone (29- 1 0 1 m) with 
intercalated l imestone. 
Fom1ation porosity averages 
42%. Primary porosity i s  
dominant.  Thin dolomites are 
identified by their low density 
porosity and formation 
resistivity 
Dolomite ( 1 0 1 -2 1 9  m) with 
interbedded l imestones . 
Fom1ation porosity averages 
40%. Primary porosity is 
dominant . The thin l imestone 
is identified by high formation 
resist ivity .  The formation 
porosity decreases to less 
than20% in some of the 
l imestones. 
Marland Marly L imestone 
( 2 1 9-300 m) with interbedded 
l i mestone and dolomite. 
Formation porosity averages 
32%. Limestones are 
i denti fied by high formation 
porosity resistivity. The 
formation porosity decreases 
to less than20% in some o f  
the l imestones. 
CHAPTER 3 
GEOPHYSICAL INVESTIGATION 
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H A PT E R 3 
EOPH YSICA L INV ESTIGATIONS 
Geophysical i nvestigat ions were conducted in the study area a iming at 
del i neat ing d i fferent hydrogeologic units, evaluating groundwater qual i ty, 
studying petrophysical characterist ics of the water bearing layers and 
d fining subsurface geo logic structures contro l l ing aqu i fer boundaries 
and the courses of buried wad i channel s. 
Three types of geophysical methods were appl ied in  the study area. 
The first metho"d has made use of the gravi tational field. The second 
requ i red i nput of art ific ia l ly generated energy into the ground, such as 
e lectrica l  and e lectromagnetic fields .  The th ird techni que was the 
geophysica l  wel l  logging. 
The geophysical measurements at the Al Dhaid and surrounding areas 
were conducted during two d ifferent epi sodes, the first was in 1 986 
( IWACO) inc luding gravi ty, DC-electrical and wel l- logging surveys. The 
second was in early June of 1 996 (JICA) inc luding natural gamma ray, 
TDEM survey and wel l  l ogging in  two wel ls. 
3. 1 G ravity investigation 
3. 1. 1 Gravity Survey 
IWACO ( 1 986) has conducted geophysical survey in the study area 
inc luding gravi ty with main purpose of determ ining s i tes of new water 
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wel l s .  However, 3 86 gravi ty stations were used and the gra i ty field was 
measured by the La  Coaste Gravimeter. The gravi ty values were 
corr cted for the base zero i n  the v ic in i ty of Al Dhaid. 
3. 1 .2  Gravity Interpretation 
A gravity survey determines variat ion in the earth ' s  gravitat ional field 
caused by d i fferences in  the densi ty of subsurface rocks. The gravi ty 
method deals with the variation of the gravitat ional acceleration and i s  
used most extensively in  the search for o i l  traps, i n  addit ion to 
engineering and archaeological appl ications. 
Two d ifferent approaches are used for interpretations of the Bouguer 
anomaly data. One i s  d i rect, where the origi nal data are analysed to 
produce an i nterpretat ion .  The other is ind irect, where models were 
constructed to compute syntheti c  gravi ty anomal ies, which were then 
compared with the observed Bouguer anomal ies .  
3. 1 .2. 1 Qualitative A nalysis of Bouguer A nomalies 
The IWACO ( 1 986) Bouguer gravi ty map of the Al Dhaid  pla in has 
been subjected to qual i tative analysis aiming at del i neat ion of the 
subsurface structural trends which  control the course of groundwater 
flow. However, the best method of subsurface mapping of fau lts i s  the 
L insser' s ( 1 967) techniqu
"
e, which stated that the faults could be 
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del i neated by gravi ty deta i l i ng. In th i s  context four principles are 
considered : 
1 .  Gravi ty grad ient :  Areas occupied by dense para l le l  Bouguer 
anomaly contours in a continuously decreasing manner represent a 
fau l t  axi s  i n  the same d i rection of gravi ty contours (F ig. 3 . 1 .a ) .  The 
downthrown side i s  at the d i rection of Bouguer anomaly decrease. 
Faul ts of th i s  type are sha l low and c lose to the ground surface .  
2. Gravi ty contour undu lat ions: The Bouguer gravi ty contours of 
deep-seated fau l ts are of s inusoidal shapes. Fau l t  axes bounding 
ei ther posi t ive or negat ive undu lat ions ( F ig. 3 . l .b) . Downthrown 
sides of the fau l ts are in  the d i rection of Bouguer anomaly 
reduction. 
3 .  Change of gravi ty grad ient : A abrupt change of the gravi ty gradient 
i nd icates a fau l t  axi s  perpendicu lar to the d i rection of gravi ty 
contours (F ig. 3 . l . c ). Thi s  type represents faul ts of intermediate 
depth. 
4. Change of gravi ty ampl i tude in the same c losure : The presence of 
c losures hav ing d i fferent s izes i nside c losed Bouguer gravi ty 
contours represent fau l t  axi s  perpendicu lar to the e longation of the 
c lose anomaly (F ig. 3 . l . d). 
Applying the four principles of gravi ty detai l ing mentioned above; the 
subsurface structural picture of the Al Dhaid area can eas i ly be de l ineated 
a h 
c d 
Fig.3. 1 .  Structural in terpretation of detail ed gravity effects 
a. G ravity gradient; 
b. Contour  undulations; 
c. Change in gravity grad ient;  
d. Change of gravity am pl i tude within the closure. 
(Fig.3 .2 ) .  The major structu ral trends in th is area are mostly ENE-WSW 
to E- W. Besides, the NNW-SSE d i rection is a lso present but less 
dominant compared with the ENE-WSW direction. 
3. 1 .2. 2  Quantitative Analysis of Gravity Anomalies 
3. 1.2.2. 1 Fault Displacements 
The fau l t  d i splacements in  the study area range from 320 m to 70 m. 
The NNE-SSW faul ts have large throw values, whi le the NNW-SSE 
fau l ts possess low throw values. 
3. 1 .2. 2. 2  Thickness of Sedimentary Section 
The analysi s of the Bouguer anomaly profi l e  (A-B) (F ig. 3 .2), 
according to the system of equations suggested by Grant and West 
( 1 965), i n  wh ich the dens i ty contrast between the sediments and the 
under ly ing ophio l i tes is p = 0.5 gm/cm3, has been appl ied .  The calcu l ated 
shape of the sedi mentary - ophio l i te contact i s  depicted in F igure 3 .3 . On 
thi s  figure, the depth of the contact reflects a general increase in  the 
th ickness of the sedimentary sect ion towards the northwest. Thickness of 
sedi ments varies between 700 m at the southeastern end of the profile and 
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F i g u re 3.2  B o ug u e r  g ra v i ty a n o m a l ies d e d u ced fro m IW ACO (1986) 
d a ta a n d i n te rp reta t i o n  of m aj o r fa u l t  trends a ffectin g  the s t u dy 
a rea.  
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more than 3 500 m at i ts northwestern end. Also a number of faults have 
thei r throw towards the northwest. 
3.2 G eoelectr ica l  Invest iga t ions 
Geoelectrical res i st iv i ty survey i s  the most common tool appl ied in 
groundwater explorat ion. Besides i ts low coast, it provides complete 
information needed for subsurface evaluat ions such as layer succession,  
ert ical and l ateral changes in  l i thological fac ies, subsurface geologic 
structures and groundwater potentia l i t ies .  
E lectromagnet ic  method has been successfu l ly appl ied in  groundwater 
exploration in the Uni ted Arab Emirates . The study area i s  an example of 
app l i cation of d i fferent e lectrical techniques such as DC-electrical 
resi st ivi ty and t ime domain e lectromagnetic (TDEM) in two successive 
episodes ( 1986 and 1 996, respectively) .  
3. 2. 1 Geoelectrical Survey 
3.2. 1. 1  Geoelectrical Resistivity Survey 
The direct current geoelectrica l  survey i n  the study area has been 
conducted by I W  ACO ( 1 986), where 1 43 vert ical e lectrical soundings 
were carried out. The schlumberger arrangement has been employed in  
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this survey. In making a res ist iv i ty survey with vert ica l  electrical 
soundings an e lectric current is introduced into the ground ia two outer 
el ectrodes in the arrangement and the produced potential di fference i s  
measured between two inner electrodes. The current intensity ( I )  the 
potent ia l  d i fference (Ll V) and the geometrical factor (K )  are used to 
evaluate the apparent res i st iv i ty curve. True reas ist iv i t ies of the d ifferent 
geoelectrica l  l ayers are ca lcu lated using spec ia l  templates (Kel ler and 
FrishKnecht 1 979) 
3.2. 1 .2 Electromagnetic Survey 
3. 2. 1 .2. 1 Introduction 
The e lectromagnet ic  methods have the broadest range of appl ications. 
Measurements of the rate of decay of the waning eddy currents provide a 
means of l ocating anomalous ly conducting bodies and est imat ing the i r  
conduct iv i ty .  A fonn of depth sounding can be made ut i l iz ing t ime 
domain e lectromagnetic (IDEM). Only short offsets of transmitter and 
receiver are necessary and the array therefore crosses m inimum 
geological boundaries such as fau l ts and l ithological contracts. By 
contrast, vert ica l  e lectrica l  soundings (VES )  are much more affected by 
near surface conduct iv i ty inhomogeneit ies s ince long arrays are required . 
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The t ransient electromagnet ic  or t ime domain e lectromagnet ic 
(IDEM) survey conducted over an area includes a steady current to be 
passed through a l oop of wire on the surface of the earth, wh ich i s  
i nductively l i nked to  the earth l ayers . After a di screte period of  t ime (a  
few tens of m i l l i seconds), during which any effects due to  swi tching the 
current on wou ld have d ied away (known as tum on transients), the 
appl ied current is i nterrupted abruptly (Reynolds, 1998) .  If a conductor i s  
present with i n  the v ic in i ty, the sharp change in  the primary field wi l l  
i nduce eddy currents wi th in the conductor. The eddy currents migrate 
from the transmi tter loop into the earth and the pattern resembles a 
downward and outward propagati on of the eddy current filament at 
successive i nterva l s  of t ime ( t2, t3 ,  . . .  , tn) over a homogeneous ground 
( F ig .3 .4)  rather l i ke smoke rings. The rate of change of the magnetic 
field depends upon the underground res ist iv ity d istribut ion. In low 
conduct ive l ayers the receiver output voltage, which i s  proport ional to 
the rate of change of the secondary magnet i c  field with t ime, is in i t ia l ly 
l arge but decays rap idly. In good conductors, however, the response is  
i ni t i a l ly  l ower but the voltage decays s lowly. The rece iver coi l can 
measure the t ime derivative of the trans ient magnet ic field .  
In theory, the depth of i nvest igation i s  a function of t ime after the shut 
off of the primary current rather than loop radius, however, in practice the 
l ate stage s igna l  must be sufficient ly strong with respect to the e lectro-
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magnetic fi eld and the instrument noise to be measurable .  To increase the 
late t ime signal strength and study the res istivity of deep l ayers the 
transmitter moment must be increased . Th is  can be achieved by 
increasing of the transmitter current, the loop area or both.  
3. 2. 1 .2.2  TDEM Survey 
A TDEM survey has been conducted in  the AI-Dhaid plain,  covering 
an area of about 850 km3. Select ion of TDEM measuring dev ice, station 
posi t ion ing and measurement configuration were the main targets of that 
stage. 
3.2. 1. 2. 2. 1 The TDEM Instrument 
The IDE M  survey of the study area was conducted with an 
instrument manufactured by the Geonics  Company (Cananda). Two 
transmitters/receiver ( E M  47 and E M  5 7 )  of h igher and lower 
frequencies, respecti ve ly,  were used to acquire res ist iv i ty informat ion of 
shal low and deep l ayers wi th the needed accuracy. By combining the 
measurements made from both transmitters, the shal low and deep earth 
l ayers were adequately mapped. 
The receiver, a PROTEM 57 (C) uni t ,  samples the coi l response at a 
series  of t ime i nterval s  that are delayed by a prescribed amount from each 
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tum-off of the loop current. There are 20 geometri cal ly spaced gates on 
channel posit ions in each t ime range. 
3.2. 1 .2.2.2 Mea urernent L ayout 
The in i t ia l  fie ld tria l s  l ed to an optimum loop size of 50x50 m to al low 
a high production rate wh i le  maintaining a high signal level and data 
qua l i ty. At each sound ing location, a number of measurements were 
recorded at d i fferent gain  sett ings to enhance data from greater depths .  
3.2. 1.2.2.3  Stations Positioning 
A total of 1 3 1  stat ions were occupied. At each sounding location 
north and east coordinates were recorded using a Global Posit ioning 
System (GPS)  navigator. The accurate posit ion was obtained by 
averaging severa l  hundreds of GPS measurements. The measurements 
were later corrected by post processing software, using a fixed reference 
GPS at the base in the Al Dhaid c i ty .  
3. 2. 1 .2. 3  TDEM Data Processing and Interpretation 
3. 2. 1.2. 3. 1 TDEM Data Processing 
The field data analysis procedure requires prior processing by transient 
e lectromagnetic interpretat ion software using interactive forward and 
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In  erse mode l l ing techniques. In the first step the delay vol tages for 
each gate were transformed into apparent resist iv i ty values. The apparent 
res is i t iv i t ies t}a (Ohm.m)  are given as a function of t ime ( t )  by the 
fo l lowing equat ion :  
t}a = (� / 4 P tc) * (2 � M / 5 t c  (dB / dt)) 213 
\ here 
i s  the magnetic permeabi l i ty (4p x 1 0  -7 Him), 
tc i s  the gate mean t ime in seconds, 
M is the transimetter moment ( Loop area m2 x current A), and 
(dB / dt) = ( Yo * 1 9200) / ( E  * 2n) in ( nV / m2) .  
Vo i s  the vol tages ( mV), 
E i s  the receiver moment ( m2) ,  
n i s  the ampl i fied gain ,  and 
t i s  the t ime .  
However, an automatic one d imensional i nversion technique was 
used to generate res ist iv ity models  composed of up to 8 layers. The 
model s  attempt to produce the actual values recorded in the fie ld .  As 
with al l  geoelectric models, one of the pri nc ip le  assumptions is that the 
earth  can be represented by a seri es of horizontal l ayers of  constant lateral 
res is i t iv i t ies and th icknesses. Data points that fal l  outside of the predicted 
l ine demonstrate the departure from this  genera l isation. The 
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l ectromagnet ic  noise effects were masked as much as possible  prior to 
fi nal processing. 
3.2. 1 .2.3.2  Interpretation of TDEM Data 
The TDEM sound ings that were acqu i red and processed by I WACO 
( 1 986)  have been interpreted i n  the present work and the results are given 
in telms of res ist iv i ty, th ickness, and total di ssolved sa l ts d istribution in  
each geoelectric layer. 
3.2. 1 .3 Geoelectrical Interpretation of Resistivity Profiles: 
3. 2. 1 .3. 1 First L ayer 
The resi st iv i ty contour map of the first layer ( F ig.  3 . 5 )  ind icates that 
i ts resi st iv i ty i ncreases from the southwestern part of the study area 
towards north . A zone of h igh res ist iv i ty occupies the northern part and 
strikes i n  the NW -SE d irect ion.  The h igh resi st iv i ty values in the south 
are l ess than 5 00 Ohm.m, whi l e  the res ist iv i ty values i ncrease to reach 
more than 2000 Ohm . m  at the northwestern comer of the study area. 
3. 2. 1 .3. 2  Second L ayer 
The res i st iv i ty contour map of second layer ( F ig.  3 .6)  de l ineates an 
i ncrease i n  res i st ivi ty from the south to the north. The lowest resi st iv ity 
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val ue of about 205 Ohm.m and was found in the southern part of the 
study area, whereas the h ighest resi st iv i ty va lue of 605 Ohm.m was 
calcu lated in the northern part. 
3.2. 1.3.3  Th i rd Layer 
The res ist iv i ty contour map of th i rd l ayer ( F ig .  3 . 7 )  del ineates a 
pattern of resi st iv i ty increase from the northwestern comer of the study 
area towards the east. Res i st iv i ty values of less than 1 0  Ohm.m were 
ca lcu lated for th i s  layer at the northwestern corner, whi l e  values of more 
than 1 000 Ohm. m  were ca lcu lated in  the central  zone. The southwestern 
part shows a gradual  decrease of res ist iv i ty, reaching values smal ler than 
200 0hm.m.  
3.2. 1 .3.4  Fourth L ayer 
The res ist iv i ty contour map of  fourth l ayer shows ( Fig .  3 . 8)  a s imple 
pattern of res ist iv i ty increase from the northwestern comer of survey area 
towards the east and southeast. The h igh res ist ivity values at the 
northwestern comer are very low « 2  Ohm.m), where the values i ncrease 
to reach about 1 00 Ohm. m  at the northeastern comer and about 80 
Ohm. m  at the southeastern comer. 
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3. 2. 1. 4 Total Di olved Salts (TDS) Di tribution Maps 
3. 2. 1 .4. 1 First Layer 
·w 
The total d i ssolved salts (TDS) were calculated from the res ist iv i ty 
val ues in the fi rst layer. TDS map ( F ig. 3 .9) i l l ustrates an increase of TDS 
content from the northeastelTI corner ( less than 1 0  ppm) of the study area 
to the southwestern comer ( l ess than 50 ppm ) with anomalously high 
TDS values i n  the centra l  part .  
3.2. 1. 4. 2  Second Layer 
The total d i ssolved salts (TDS) that were calculated from the 
res ist iv i ty values in th is  layer are depicted in ( F ig.  3.1 0) .  An increase of 
TDS content was d i st inctly noticed from northeastern corner of the layer 
to the southern corner of i t  wi th anomalously h igh TDS values in the 
centra l  part of the l ayer. The IDS values varied between 200 ppm at the 
northeastern corner of the l ayer and >2000 ppm at the southwestern 
corner of the l ayer. The TDS values i n  the central part reached about 
1 000 ppm. 
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3. 2. 1 .4.3 Third Layer 
The TDS calcu lated from the resist iv i ty values i n  the third l ayer are 
shown as a contour map (Fig .  3 . 1 1 ) . General ly, the TDS values i ncreased 
in the northeastern and southwestern direction where values of 900 ppm 
\ ere calculated . I n  the central area, espec ia l ly at the eastern edge, a nose 
of smal ler resi st iv i ty values was observed through the middle part of the 
survey l ayer. The lowest values of TDS at the eastern comer were about 
1 00 ppm where it shows a westward i ncrease to reach more than 300 ppm 
at the western end. Thi s  TDS d istribution i nd icates that the aqui fer 
recharge occurs through the eastern border of the survey area. 
3.2. 1 .4. 4  Fourth L ayer 
The TDS values i n  the fourth l ayer exh ib i t  a sharp increase from 
southeastern comer of the l ayer to northwestern comer (F ig. 3 . 1 2) .  The 
TDS values varied between < 1 00 ppm at southeastenl comer and >7500 
ppm at the northwestern part of the l ayer. 
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3.2. 1. 5 Thickness Di tribution Maps oJthe Geoelectrical Layers 
3. 2. 1 .5. 1 First Layer 
The thi ckness of the first geoe lectrical layer ( F ig.  3 . 1 3 ) i ncreases from 
1 .5 m at the northeastern and southeastern comers to more than 5 m at the 
\ estern part of the layer. 
3.2. 1 .5. 2  Second L ayer 
The thickness of the second geoel ectrical l ayer ( F ig.  3 . 1 4) vanes 
between l ess than 5 m at the southern part of the l ayer to more than 1 5  m 
in  the centra l  and northern parts of the study area. 
3.2. 1 .5.3  Third Layer 
The th ickness of the third geoelectrical layer ( F ig.  3 . 1 5 ) i ncreases from 
28  m at the southeastern part to more than 1 50 m at i ts northern part . 
3. 2. 1. 5. 4  Forth Layer 
The thickness of  the fourth  geoelectrical l ayer (Fig .  3 . 1 6) vanes 
between <80 m at the western part of the l ayer to about 450 ill at the 
northern comer of the survey area.  The th ickness d istribution suggests 
that the deposi tion took p lace on an uneven surface, where two east-west 
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grabens separated by a central horst exi sted in  th is  area. The northern 
graben was deeper than the southern one and hence the sediments are 
thicker i n  the north.  
3.3 Borehole  Logging 
3.3. 1 Introduction 
The e lectrical  propert ies of the rocks are essential  too ls  for 
i nterpretat ion of res ist iv i ty data as the veloc i ty i n  the i nterpretation of 
seismic data, densi ty in gravi ty surveys and magneti c  suscept ib i l i ty i n  
magnet ic  surveys ( Ke l l er and Fr ischKnecht, 1 979). General ly, 
geophysica l  wel l  l ogging I S  conducted to gain  information about the 
sedimentary sequence penetrated by the logged wel l .  The most important 
app l i cat ions of wel l  logs i s  defining rock contacts and provid ing means of 
corre lat i ng geologic i nformation of d i fferent boreholes. The most useful 
and widely app l ied geophysical  l ogging techniques are based on e lectrical  
res ist iv i ty, e lectromagneti c  i nduction, sel f-potent ia l ,  natural and induced 
radioact iv i ty, son ic  veloc i ty and temperature l ogging. Besides, the wel l  
l ogs are considered a bas ic  source o f  information about porosity, 
permeabi l i ty, water saturation, temperature and conduct iv i ty. 
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The l i thology of the penetrated rocks and the rock contacts are 
nonnal ly determ ined by compari son of wel l logs. The most useful logs 
for th is  purpose are the res ist iv i ty sel f-potential  ( SP)  and sonic  veloc i ty .  
Cal iper log a lso prov ides infonnat ion on the l i thologies present in  a 
borehole .  Fonnation porosity on the other hand, i s  usual ly estimated 
from res ist iv i ty sonic  veloc i ty and radioact ivity logs. In addit ion, 
porosity estimates may be obtai ned by gamma ray densi ty logging and 
neutron-gamma-ray logging. The permeab i l i ty and water saturation 
percentage are derived from resi st iv i ty measurements. Water i nflow 
and/or out±10w can be interpreted from temperature logs. The qual i ty of 
groundwater and i ts  chemjcal characteristics are obtained from 
conductiv i ty and hydrochemistry logs. 
3.3. 2 Geophysical Logs 
The geophys ical  wel l  logs were conducted i n  several wel l s  during two 
d i fferent phases.  The fi rst phase was curried out i n  ( 1 985 )  by I WACO 
where res ist iv i ty,  ca l i per and S P  logs have been performed. The second 
phase (rrCA 1 996) inc luded two boreholes in which cal iper, gamma ray, 
res ist iv ity,  neutron, density,  sonic,  temperature, conductivi ty and hydro­
chemi stry logs were made (F igures 3 . 1 7  and 3 . 1 8 ) .  
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3.3.3 Interpretation of Well Logs 
The geophysi cal l ogs can be i nterpreted in  terms of l i thology and fluid 
( Bassiouni 1 994) .  The fol lowing paragraphs inc lude a brief description 
of the formation l i tho logies and petrophys ical properties such as rock 
type, thickness, porosi ty (primary or secondary), fluid characteristics, 
groundwater qua l i ty and hydrodynamic regime in the area. 
3.3.3. 1 Interpretation of �Vell Logs In Borehole (1) 
3.3.3. 1. 1 Formation L ithology Characteristics 
Sonic log successfu l ly d i st i ngui shes primary porosity from secondary 
porosity .  Sonic  log has a tendency to measure primary porosi ty whereas 
both the densi ty and neutron porosity logs measure tota l porosi ty .  
Subsequently, the d i fference between the two logs provi des a measure of 
the secondary porosity. 
The a l l uv i al grave l  sediments were ident ified from the ground level  
to 1 6 . 5  m deep, which corresponds to formation porosity of 3 5  % Lst. 
Gamma peaks m ark i nterva ls  of > 1 0 m thick c lays i ntercalations with in  
the a l l uv ia l  gravel .  The overa l l  c lay content of the a l l uv ial gravels  i s  low.  
Clays in tercalates dolomit ic  l imestone succession extending 
between 1 6. 5  m and 84 .5  m.  Gamma act iv i ty remained low and whi l st 
5 8  
the formation res ist i  i ty ranged from 3 .9 ohm.m to 9 ohm .m throughout 
the interval ,  the lower density porosity compared to the neutron poros ity 
repres nts dolomite rather than c lay .  The average formation porosity 
recorded i s  400/0 Lst .  The primary porosity i s  indicated in  the l imestone 
when son ic  porosi ty records s imi lar value to that of density and neutron 
porosity. 
The depth between 84 . 5  and 1 33 m indicated dolomite, where the 
density porosity was typical ly  some (50/0 Lst) lower that the neutron 
poros i ty .  The average formation porosi ty decreased to (360/0 Lst) with a 
corresponding increase in  formation densi ty (an average of 2 .3  glcm3 ) .  
Thin,  hard, low porosity l imestone was ident ified at  depth of 1 1 0 . 5  m.  
I ncreased gamma values between 84 .5  m and 1 09 .5  m correlated wel l 
\ i th the formation resi st iv i ty (23 ohm-m). The h igh gamma i s  unl i kely to 
be assoc iated with c lays. A thin-fissured zone was i dent i fied by the 
ca l i per log at a depth of 1 24 m .  I n  dolomite beds, soni c  porosi ty was 
lower than both the density and neutron porosity values, which i nd icated 
the presence of secondary porosi ty .  The low formation resi st iv i ty values 
between depths 1 22 m and 1 33 m correlated with a l arge amount of 
secondary porosity and the h ighly fractured nature noted in the core. 
Carbonates were i nterpreted at the depth range from 1 33 m to 200 
m where gamm a  activ i ty decreased to an average of 4 API .  The l imestone 
was i dent i fied as being dolomit ic  i n  p laces and has variable porosi ty ;  
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between (20% Lst) and (47% Lst) .  Gamma peaks and lower fonnation 
resi st iv i ty ident i fy  a number of c lay streaks. A sl ight development of 
secondary porosity is indicated between depth of 1 69 m and 1 90 m. 
3.3.3. 1. 2 Fluid Characteristics 
The n i ronment of a we] ]  logging is the polymer mud fi l l ing borehole 
and inside casing after wel l  development, in  which temperature and 
conduct iv i ty logs were perfonned. 
In the polymer mud fi l led borehole, a pos i t ive fluid temperature 
gradient was recorded be low a depth of 24 m and reached a bottom hole 
temperature ( B HT) of 3 7 .3°C .  This feature indicated absence of vert ical 
flu id  movement. A number of s l ight changes in the flu id  temperature 
gradient were noted at a depth of 74 m, between 1 0 1  m and 1 08 m and 
from 1 3 0 m to 1 39 m which suggests inflow of groundwater into the 
polymer mud fi l led open hole at these depths .  The fluid conductiv i ty 
range measured i n  the open hole varied between 1 200 J.lS/cm and 2 1 50 
J.l S/cm and the s l ight  decrease i n  fl u id conductiv i ty c lose to depth of 74 m 
and 1 30 m, respectively, woul d  tend to confinn the inflow of fresher 
groundwater i nto the borehole. 
The groundwater tab le  was i dent ified by h igher somc transit t ime 
above 1 7m .  A l so i ncreased fonnation res isi t iv i ty above 3 5 m, where no 
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signi ficant change in c lay content or formation porosi ty i s  noted, would 
suggest ing part ia l ly  saturated formation.  
For the majority of the logged section increased formation 
resist iv i ty corre lates to lower porosity, l imestone/dolomi te horizons and 
low fl u id content in the pores. There was a signi ficant increase in the 
formation res i st iv ity bel low 1 33 m, which does not appear to correlate 
with any s igni ficant change in e i ther formation porosi ty andlor c lay 
content. I t  was therefore most l i ke ly to be re lated to a more res ist ive and 
h igher water qual ity in the format ion .  However, between 1 22 m and 1 33 
m,  low formation resi st iv i ty was recorded within an interval of 
interpreted secondary porosity and jo ints/fractures recorded in the core. 
The low formation res i st iv i ty i s  most l ikely re lated to the water fi l led 
nature of the jo ints/fractures. This  in terval a lso correlates with interpreted 
groundwater flow from the flu id  temperature, conduct iv i ty and 
hydrochemistry logs. 
3.3.3.2 Interpretation of Well Logs In Borehole (2) 
3.3.3. 2. 1 Formation Lithology Characteristics 
Al luv ia l  gravels  were i nterpreted from wel l  logging in  the interval 
from the ground surface to 29 m, where a s l ight increase in gamma 
act iv i ty was noted. L imestone dominated matrix andlor chaotic were 
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ind icated b y  the overlaying density and neutron porosi ty logs . Gamma 
act iv i ty reached a maximum of 1 3  API abo e 1 0 m.  Format ion porosi ty 
records ranged from (32% Lst) to (58% Lst) .  
L i mestone with thin i nterbedded dolomite was interpreted between 
29 m and 1 0 1  m where gamma act iv i ty averages 4 API  and for the 
majori ty of the logged section the density and neutron poros i ty logs 
recorded the same va lues.  The cal iper log at depthes of 33  m and 39 m 
id  nti fies th in fi ssures.  The soni c  porosi ty logs indicated the dominance 
of primary porosity in the carbonate formation, with the exception of a 
l im ited development of secondary poros i ty between 60 m and 2 1 9  m 
deep. 
The average format ion porosity IS 40% Lst . Primary porosi ty IS 
present in the format ion as ind icated by the sonic  porosity val ues be ing 
s im i lar to that of the density and neutron porosity values. Sandstone 
horizons were recorded a lso i n  the core over th i s  i nterval .  The typical 
geophysical  s ignature for sandstone was not recorded due to i ts  fine­
gra ined nature. 
Be low 2 1 9  m, the formation becomes i ncreasingly c lay rich where 
gamma activ i ty reaches a max i mu m  of 1 4  API .  The average formation 
porosi ty i s  3 20/0 Lst, decreasing to l ess than 20 % Lst i n  p laces. The 
cal iper log i dent i fied h ighly fi ssured and non-compacted horizons. 
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3.3. 3. 2. 2  Fluid Characteri tic 
I n  the mud fi l l ed borehole a posi t ive flu id temperature gradient was 
recorded below 60 m and reached a bottom hole temperature ( BHT) of 
39 . 1 DC . Th i s  feature ind icated absence of vert ical  fluid movement .  
From the mud l evel  to 60 m, the flu id temperature decreased s l ightly with 
depth, suggest ing that the inflow of groundwater from the formation was 
occurri ng at the t ime of logging. Throughout the wel l  l ogging process the 
flu id  conduct iv i ty value (2550  � S/cm)  was lower than the mud pit value.  
The lower fluid conduct iv i ty can be exp lai ned by e i ther a d i lut ion by 
groundwater flowing into the borehol e  or by the d i l ut ion from water 
pumped i n  from the surface during logging to al low formation logs to be 
record to the surface. 
I n  cased wel l s, the flu id  logs ident i fied three d ist inc t  water bodies :  a 
s l ight ly poor qua l i ty water from the groundwater l eve l  to 230 m deep 
where the flu id  conductiv i ty fluctuates between 1 700 �S/cm and 2000 
� S/cm .  Inflex ions on  both the flu id  temperature and flu id  conductivi ty 
l ogs between 69 m and 7 1  m and from 1 1 3 m to 1 22 m infer i nflow of 
groundwater. 
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3.4 Water a l i n i ty Di tri bution 
The d istribut ion of water sal in i ty with depth in borehole ( 1 )  i s  i l l ustrated 
in ( F ig.  3 . 1 9) .  Th i s  figure shows a cont inuous increase of TDS content 
from <500 mg / I c lose to the surface to about 780 mg / I at a depth of 65 
m .  A decrease of water sal in i ty was d i st inctly noticed start ing gradual ly 
from a depth of 70 m to 1 05 m.  A min imum water sal in i ty of (693 mg / 1 ) 
was calculated at a depth of 95 m .  The low water sal i n i ty i n  th is  layer i s  
attributed to the water inflow through the fissure systems caused by 
geologic structures affect ing the area. The depth range from 1 05 ill to 1 30 
m i s  represented by a gradual i ncrease of water sal i n i ty to reach a value of 
930 mg / I at a depth of 1 30 m. The water sal i n i ty in the underlying 
format ion gradua l ly  decreased to reach its min imum value of 530 mg / 1 
at a depth of 1 5 5 ill. Thi s  a lso suggested a groundwater i nflow in th is  
zone. However, the temperature d i fference data i nd icated water i nflow at 
depths of 75 m and 1 30 m, which confi rmed the resul ts  of water sal in i ty 
d i stribution i n  the wel l .  
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C H A PT E R  4 
H YD ROG E O LOG Y AND H Y DRAG EOC H E M I STRY 
he Al  Dhaid i s  one of the most extensively developed agricu ltural 
regions in D�. Therefore, l arge amounts of groundwater were pumped 
to meet i nigat ion demands. As a resul t ,  the area has witnessed several 
ground\ ater-re lated problems such as: ( 1 )  depletion of shal low and deep 
aqui fer system s  (2)  deteriorat ion of groundwater qua l i ty and (3 ) sal i ne­
water i ntrusion.  During 1 995 and 1 996 the Japan I nternational 
Cooperation Agency (r rCA)  has conducted a master p lan study on the 
groundwater resources of the Al  Dhaid area. As a staff of the Min istry of 
Agricul ture and F isheries (MAF) in  DAB, the student has part ic ipated in 
a l l  fields, lab and mode l ing act iv it ies achieved by J ICA on the study area. 
Because of the dynamic  nature of hydrogeologic systems it was 
necessary to fol low up  the work of the r rCA on the A l  Dhaid area after 
1 996, taking i nto account :  ( 1 )  the conti nuous dec l i ne i n  hydraul i c  heads 
of shal low and deep aqui fers, (2 )  i ncreasing groundwater sal in i ty, (3 ) 
expansion of farming activ i t ies  and (4)  wide use of chemical fert i l i zers i n  
agri cu I  ture. 
The object ives of th i s  chapter are to summarize the results of field 
measurements of hydrau l i c  heads and lab analyses of water-dissolved 
66 
ions during the 1 996- 1 999 period. D iscussion of these resul ts can pro ide 
answers for the quest ions on aqu ifer depletion and groundwater-qual i ty 
deteriorat ion .  
To ach ie  e the object ives of th is  study, the student has measured water 
l eve ls  i n  observation boreholes at the Al Dhaid area during the period-
1 996- 1 999. The resu lts of chemical analys is  of water samples co l l ected 
from about 1 00 we l l s  in 1 995- 1 996, in add it ion to 1 999 analyses of some 
of these wel l s  were a lso used. F igure 4 . 1 shows the location of 
observat ions wel l s  used to measure the hydrau l i c  head at the Al Dhaid 
area during the period 1 996- 1 999, whi l e  the locations of water wel l s  
sampled for chemical  analyses are i l lustrated i n  the hydrpgeochemistry 
section (F ig. 4 . 1 3 ) . 
4.1 C l i m a tic  Cond i t ions  
The UAE has  a hot desert c l imate wi th  h igh temperatures and 
infrequent, i rregul ar, low rai n fa l l .  The summer i s  long (Apri l -November) 
and dry, with very h igh temperatures, and the winter is short ( December­
March )  and has m i l d  to warm temperatures and a s l i ght  to moderate 
rai n fa l l .  The summer mean temperature across the country i s  3 5°C i n  
July, whi le the average monthly rainfal l i n  the same month i s  2 mm. 
January i s  the coolest month with an average temperature of 1 8°C, 
whereas February i s  the wettest month with an average month ly rainfal l 
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f 42 mm. The fol lowing d iscussion on the c l imate of the study area is 
based on the analysis of the c l imato logical records of 42 meteorological 
stat ions in central and northern DAE, inc luding the Al Dhaid station. 
The min imum temperature in  DAB does not go below O°C in winter, 
but the maxi mum temperature may reach 50°C in summer during July. 
The mean annual temperatures are more or less un i form with s l ight local 
ariations, most not iceably  in the mountains to the east . H igh alt i tudes 
result  in a relat ively l ow mean temperature of 27°C . The coolest 
temperatures occur in Ras Al Khaimah north of the study area, where the 
\ i nter mean m in imu m  can be less than 1 0°C. I nterior areas experience 
the biggest d iuTI1al range in temperature. 
The mean max imum sunshine hours appear in May, with 1 1 . 5  hours 
and a mean m in imum of 8 .4  hours occurring in December. The skies are 
re lat ive ly c loud-free throughout the year. 
The relat ive humidi ty i s  h igh a long the eastern pla in and the Arabian 
Gu lf  coast and decrease south and eastwards and over the Northern Oman 
Mountains i n  the east. The mean annual relat ive humid i ty exceeds 60% in  
the east coast, decreasi ng to  l ess than 45% i n  A I  A in .  The diurnal 
variation in rel at i ve humidity is extremely h igh and ranges from 1 00% in 
early morn ing to 2% in late afternoon. 
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The wi nds tend to be l ight or l i ght-to-moderate and the mean annual 
wind speed is l ess than ] 0 knots .  There is a tendency for winds to be 
stronger behveen March and August. The predominant wind direct ions 
are from the northwest and south or southeast. The strongest winds are 
fel t  along the Gulf  of Oman fol lowed by mountain region, the Arabian 
Gul  f coast , and desert fore land inc luding the study area. L ighter winds 
affect the internal parts of DAE. 
The average annual ra infa l l  In UAE i s  1 1 9 mm, which is  h igh ly  
variable from a year to another. For example, for the year 1 982, the 
annual mean rainfal l was 282 mm whi l e  in  the mountain region the 
rai n fa l l  was over 450 mm in some parts.  On the other hand, the year 1 984 
had an annual mean rainfa l l  of only 24 mm and recorded a level of only 
1 .6 mm in Abu Dhabi (AI Shamesi ,  1 993 ) .  Rainfal l d istribution i s  lowest 
in the west and south of DAE ,  i ncreasing towards the north and east over 
the gravel  p la ins  and footh i l l s  of the Northern Oman Mountains. The 
h ighest annual rain ,  regardless of whether it is a wet or a dry year, fal l s  
over the Northern Oman Mountains where the annual rainfa l l  rises to 1 60 
m m  compared to l ess than 40 mm i n  Liwa. Almost 90% of annual rainfal l  
occur dur ing the winter and spring and the wettest months are usual ly 
February and March where 60% of the rainfa l l  is recorded. Summer 
witnesses only a few monsoon rain  events. 
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The evaporation rates exceed rainfa l l  a l l  over UAE. For example, i n  
in evaporation rates peak in Ju ly  at over 1 3  mm per day, fa l l ing to 
around 4 mm per day in December and January. Mean annual  evaporation 
i 3322 mm against a mean annual ra infa l l  of 1 1 9 mm (Garamoon 1 996). 
4.2 Hyd rogeology 
The core samples obtained from eight test wel l s  dri l led to 200 and 300 
m deep confirmed the resu lts of 1 30 trans ient e lectromagnet ic  soundings 
(TEM) and ind icated the presence of three hydrogeologic un i ts in the A l  
Dhai d  area. F igure 4 . 1 shows the locat ions o f  the M A F  observation wel l s  
used in  th i s  study area. The student used the l i thologic l ogs of these wel l s, 
in addi t ion to new informat ion obtained from J ICA's ( 1 996) study, to 
i nvest igate the hydrogeologic condit ions of the study area. 
4. 2. 1 Hydrogeologic Units 
Three hydrogeologic un i ts i dent ified i n  the Al  Dhaid area i nc lude an 
upper aqui fer, an aqu i clude and a lower aqui fer. The fol lowing is a brief 
description of  these uni ts :  
4. 2. 1. 1 The upper aquifer 
The upper part of th i s  aqui fer i s  composed of Holocene seml­
conso l idated, wel l-graded s i lt to  gravel part i cles wi th a max imum 
7 1  
th ickness o f  50 m and an average thickness o f  2 0  m.  The lower part i s  
made up  of  Plei stocene-Neogene alternating consol idated gravel sand 
and calcareous layer with a max imum thickness of 200 m and an average 
thickness of 80 m. The Holocene sedi ments has an average resi st iv i ty of 
1 00 ohm-m, whi le the Plei stocene-Neogene layer has an average 
r s ist iv i ty of 50 ohm-m. Figure 4 .2  shows that the aqui fer thickness 
aries bet\ een 60 m at the footh i l l s  of the Northern Oman Mountains and 
1 60 m east of GP- 1 5  and south of GP- 1 6  ( F igure 4 . 1 )  in a trough of a 
NW-SE d irect ion.  Thi s  trough possib ly coincides with Wadi Ham 
structural trend. The aqui fer th ickness decreases to the west ( 70 m in GP-
6 and GP- l l )  north (80 m in GWR-2) and south ( 70 m in GP-7) .  
4. 2. 1 .2 The aquiclude 
The Paleogene sediments, consist ing of an imperv ious layer of shale, 
m arl c laystone and dolomite, act as an aqu ic lude for the lower aqui fer. 
This  layer has an average th ickness of 50 m and an average resi st iv i ty of 
< 1 0  ohm-m. The aqu ic lude has a low hydraul ic conductiv i ty of 1 0-
5 to 1 07 
em/sec (nCA, 1 996). The m ax imum thickness of th is  l ayer i s  300 ill 
north of F Iaj A l  Mual l a, whereas the m i n imum thickness ( 50  m) i s  
encountered a long a NW -SE d i rection passi ng by the observation wel l s  
G P- 1 5  and G WR-4 (F igure 4 . 3 ) .  Thi s  d i rection coinc ides with the Wadi 
Ham structural  trend. 
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Figure 4- .2 Isopach map o f  the upper aqu i fer  (the H o locene-P leistocene aqui fer) i n  the 
Al Dhaid area, in meters abovc mcan sea leve l  (Based on data from the MAF 
and J ICA, 1 996).  
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Figure 4- . 3 I sopach map o f  the Pal eocene aquiclude in the AI Dhaid area,  i n  m eters 
(B ased on data from the M A F  and .r I C A .  1 996) .  
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4. 2. 1.3 The lower aquifer 
The Maastri chtian to Cenoman ian format ions in the study area are 
poorly producti e with the exceptions of intersect ion points of the major 
structural l i nes and fault  zones. The natural gamma ray survey indicated 
the presence of 5 0  anoma l ies, poss ibly coincide with vertical structures 
affecting this aqu ifer. Equivalent carbonate and c last ic fac ies has 
appropriate property for a productive aqu i fer. Thi s  aqu i fer IS more 
productive in three zones a long a NE-SW direction. The average 
resist iv i ty of the lower aqu i fer is 20 ohm-m. The conglomerate layers of 
wel l -sorted gravel interbedded among l imestone and dolomite fac ies form 
the most productive section in the lower aqui fer. However, the thickness 
of this l ayer does not exceed several tens of meters .  A summary of the 
hydraul i c  propert ies of the upper and lower aqu i fers with in  the study area 
as extracted from J ICA's  ( 1 996) reports is given in Table  4 . 1 .  
Table  4 . 1 A summ ary of hydraul i c  propel1ies of the upper and lower 
aqui fers i n  the A l  Dhaid area, UAE (compi led from JICA, 1 996). 
Aqu i fer Upper Aquifer Lower Aqui fer 
Hydraul i c  property 
Average thickness (m)  1 00 1 75 
A verage resis t iv i ty (ohm-m) 75 20 
Transmiss iv i ty ( mL/day) 85  5 1  
Storage coeffic ient 0 .004 0 .0028 
Speci fic capaci ty (m:; Ihr/m) 3 2 
Poros i ty (%) 40 30 
Stati c  water level  (m-amsl) 1 9  23 
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Both the I WACO 1 986 and J I CA ( 1 996) studies indi cated the 
presence of a fi ssured aqu i fer in the Al Dhaid area. Despite the high 
transmi ss i  i ty ( 776 m2/day ) and storat iv ity (0 .24) of this aqu i fer, l i tt le i s  
known about i t s  d i stribut ion, thickness and mode of  recharge . The natural 
gamma ray survey conducted by the Japanese company J ICA indicated 
the presence of 5 0  anomal ies, possib ly coinc ide with vert ical  structures 
affect ing the fissured aqui fer. The hydrogeologic condit ion of this aqui fer 
needs further i nvest igat ions in the future . 
4.2.2 Hydraulic Heads 
The depth to groundwater at the Al  Dhaid area ranges from 40 to 1 00 
meters be low the ground surface. Several water wel l s  i n  the area are now 
abandoned because they went dry as a result  of heavy groundwater 
pumping during the last three decades. The hydrau l i c  head maps of the 
upper and lower aqu i fers for the years 1 984 and 1 999 (F igures 4 .4, 4 .5  
and 4 .6) show the fol lowi ng features :  
1 .  The hydraul i c  head decreases from 230 m at Wel l GP- 1 4  in east to 95 
m at Wel l  GP- 1 7  in the west, i nd icati ng that the regional groundwater 
flow d i rections are from the east (the Northern Oman Mountains i n  
UAE) towards the west and northwest (the Arabian Gu lf) .  
76 
28 1 0 r-�-------'r-----
__ r-______ .-______ .-__ -, 
N MANAMA 
+ / GP3 • NA SI M  \ G P l  
2800 
• 
GP I 6  
ElDHA ID . 
) 
\)\J GP 1 5  / � S/D HA ID . ]X / 2790 • BORA IR  "v� � -
a 
<r) -., 
...... • 0 0 
GP6 N <r) 
MAMDA . 
N 
N 
2780 
G P7 
_________ MAL I HA . -
GP 1 1  
• 
SAHLG UF 
27 70 
0 5 Km 
3800 3 900 4 000 
Figure 4- .4 Hydrau l i c  he ad contour map o f  the upper aqui fer in the Al Dhaid a rea, i n  
meters above sea level ,  i n  1 91)4 .  
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Figurc 4- . 5 Hydra u l i c  heau contour map o f  the upper aqui fe r  ill the AI D haid area, i n  
mcters above sea level ,  in  1 999. 
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Figure 4 .6 Hydraulic head contour map of the l ower �q u i rcr i n  the A l  Dhaid area, in  
meters above sea level ,  i ll 1 999. 
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2 .  The change in annual a erage water-tab le  e levations of nIne 
observations wel l s  during the period 1 985- 1 998 reveals three trends 
( Table 4 .2 ;  F igure 4 . 7 ) :  (a)  water-table rise, (b )  water-table  dec l i ne and 
( c )  steady water table .  The l i m ited rise in groundwater level of 
observat ion wel l s GP- 1 and GP- 1 4  is re lated to their  locat ion along the 
NW-S E Wadi Ham structural trend which fac i l i tate aqu i fer recharge 
from the Northern Oman Mountains .  Both wel l s  may a lso tap the 
fractured aqu i fer that i s  characterized h igh hydrau l i c  conductivity and 
fast recharge . The dec l i ne of groundwater l evel  in GP- 1 5 , estimated at 
5 5  meters between 1 984 and 1 999, is a resul t  of excessive groundwater 
pumping for a l l  purposes. The steady groundwater l evel i n  observation 
\ e l l s  GP-7 and GP- 1 7  i s  attributed to l imi ted groundwater 
development and banni ng construction of new fanns s ince 1 980's .  
3 .  The d i fference in  hydraul ic heads in  1 984 (F igure 4 .4) and 1 999 
( F igure 4 . 5 )  reveals  a cone-of-depression of a 20 km average 
d iameter centered around the observation wel l  GP- 1 5  ( Figure 4 . 8 ). 
4 .  The average hydraul i c  gradients are 0 .025 along the eastern front of 
the study area and 0.005 in the western parts (F igures 4 .4, 4.5 and 
4 .6) .  
Recorder  & Locat ion Av.  85 
G P · I NASIM 1 4 2 . 80 
GP.) MANNAMA 2 1 7 23 
GP·6 HAMOA 1 2 3. 1 5  
G P . '  M E L E HA 1 5 2.75 
G P ·  I I  SAHL GAUF 1 66. 4 4  
G P . " S U I  1 69.56 
G P · I S  Soulh OHAIO 1 2 4 26 
GP· 1 6  E", OHAIO 1 5 1 . 32 
G P · 1 7  B RAIR 1 1 0 1 8  
Table 1 .2  Water-tabl e  e levat ions, i n  meters above sea l e ve l ,  a t  n i n e  o bserva t i on wel l s  
i n  the A l  Dhaid area,  UAE, for t h e  period 1 98 5 - 1 998 . 
Av. 86  Av. 87  Av. 88 Av. 89  Av .  90  Av. 9 1  Av. 92 Av. 93 Av.  94 Av. 9 5  Av. 96 
1 4 0.82 1 39. 1 4  1 3 8 . 4 6  1 3 7 . 7 4  1 3 8 36 1 37 . 2 6  1 36 .04 1 3 5 . 4 2  1 34 1 9  1 3 2 . 52 1 3 7.68 
2 1 5 4 9  2 1 5 4 2  2 1 7  2 4  2 1 7 8 2  2 1 7 . 7 3  2 1 7.94 2 1 5.30 2 1 7  03 2 1 7  78 2 1 6 76 220 2 4  
1 2 2 2 3  1 2 1 .6 1  1 2 1 . 56 1 2 0 . 7 4  1 2 1 . 2 0  1 1 9 . 9 8  1 1 9 2 4 1 1 8 6 1 1 1 8 05 1 1 7.65 1 1 9 33 
1 5 1 53 1 50 80 1 50 . 7 1  1 50. 1 4  1 5 1 37 1 5 2 . Q 7 1 5 3.0 2  1 54 .90 1 54 70 1 5 5. 1 5  1 56 . 36 
1 66 34 1 66 .4 1 1 66 8 7  1 66 5 3  1 67 . 1 4  1 66 .66 1 6 6 4 3  1 64 . 38 1 66 I I 1 66 06 
1 86 2 2  1 8 2 . 9 2  1 8 4 . 1 1  1 8 2 59 1 8 5 . 1 7  1 82 . 7 0  1 7 7.97 1 74 2 1  1 70 39 1 6 7 08 
1 8 1. 84 
1 2 1  3 3  I 1 8 . 5 7  1 1 7 .00 1 07 . 5 4  1 0 7.99 94.62 87 09 7 8 . 9 5  70 7 8  67 32 67.28 
1 46 37 1 4 1 .6 3  1 3 7 .73 1 3 5 . 3 7  1 3 3.80 1 3 2 . 5 5  1 29 . 5 2  1 2 5.70 1 2 2 . 4 4  1 1 9 . 5 2  
1 1 8 .67 
1 1 0 02 1 09 . 8 5  1 09.80 1 09 . 9 7  1 09 6 1  1 1 6 .30 1 09 . 7 1  1 0 9. 55 1 09. 32 
1 09 1 3  1 09.80 
Av. 97 Av. 98 
1 4 1  5 8  1 4 2 . 30 
2 2 4 02 2 2 3 35 
1 23 4 3  1 1 8 8 2 
1 59.82 1 56 8 3  
1 88 . 30 1 8 4 4 0  
66.43 7 7  47 
1 26. 7 2  1 26 4 0  
1 1 5. 1 1  1 1 2 1 9  
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Figure 4 .7 .  Ch(lngc i n  the ann ual average f:.'TOl llldwatcr elevation at n ine observation wel ls i n  the stlldv 
an.�a, in meters aoov{: sea \evel, during t he pcnod 1 985- 1 998.  
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Figure 4 . 8 Contou r  ITI;)P showing the cone-or-depression assoc i ated with ground water 
eXlraction between 1 984- 1 ':)99 in lhe A.I Dh;)iu area. 
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4. 2.3 Water Balance 
The study area suffers from a h ighly negative water balance caused by 
natural constraints and human-related act i i t ies. The natural constraints 
are represented by low rainfal l  (average annual = 1 55 mm) and an 
extremely h igh potential  evapotranspi ration ( PET = 3 700 mm/yr). J ICA 
( 1 996) reached a conc lusion that the groundwater abstract ion is more than 
double  the natural  recharge for groundwater in the study area. 
The flood records by the MAF for the period 1 975- 1 998 shows that 
the mean annual runoff generated from a l l  the mountain wad is  in the Al 
Dhaid area i s  1 1  MCM. However, these records a lso i l l ustrate that the 
runoff amounts are h ighly variabl e  from one year to another (F igure 4 .9) .  
I nspection of rai n fa l l -groundwater level  re lationship reflects a good 
( S ij i )  to poor to fai r  (A I  Dha id)  correlations ( F igures 4 . 1 0  and 4 . 1 1 ) . 
F igure 4 . 1 0  also ind icates a lag t ime between rainfa l l events and 
groundwater recharge. 
B ased on the results of a numerical mode l ing study, J ICA ( 1 996) 
summarized the water balance in the Al  Dhai d  area in F igure 4 . 1 2 . 
4.3 Hyd rogeochemistry 
A qu i fers can looked at as chemical reactors i n  which react ions occur 
between water and aqui fer matrix, which resu l ts in a conti nuous change 
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Figure 4.9. Annual runoff volume (x ] 000 m3 ) of five major wad ies in  the study a rea d u ri n g  the 
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In the physical propert ies of groundwater and its host rock .  These 
react ions cause continuous changes in the nature and chemi stry of water 
and conta in ing rock .  
The resu lts of chemical analyses of over hundred samples col lected 
from the Al Dha id aqu ifers during the 1 996- 1 999 period are used here to 
ident ify the chemical characterist ics of groundwater and evaluate its 
qua l i ty .  F igure 4 . 1 3  shows the locations of water wel l s  sampled for 
chemical analys is  major and minor chemical const ituents. Samples were 
analyzed in  the MAF central l aboratories for major cat ions (Ca2+, Mg2+, 
Na + and K) and anions ( HC03 -, C032-, S042- and CI) The hydrogen-ion 
concentrat ion (pH) and total d i ssolved sol ids (TDS) i n  m i l l igrams per 
l i ter (mg/l ) \ ere d i rectly measured in the field .  
4.3. 1 Physical Properties 
Usual ly, the react ions between the ion-depleted raIn water and 
aqu i fer's sol i d  matr ix is control led by d i fferent physica l  parameters such 
as the hydrogen- ion concentration (PH), e lectr ica l  conductivity (EC) and 
temperature (T). 
The i so-temperature contour map (F igure 4 . 1 4) shows that the h ighest 
temperature groundwater (39°C) was measured around GP- 1 5 , which 
coinc ides wi th the center of the cone-of-depress ion ( see F igure 4.8)  
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Figu re 4. 1 4. Locat ion m ap of water  we l l s  sa m pl ed for chem ical an a lyses fro m  
t h e  s tudy a rea d u ri n g  t h e  period 1 996- 1 999. 
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Figu re 4 . 1 4 . Iso-temperatu re (·c ) c on to u r  map of ground  water sam ples co l lected from 
the study area, d u ri ng t he  period 1 995 - 1 996. 
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resu lt ing from excessive groundwater pumping \ ith in and around the Al 
Dhaid  c i ty . I t  seems that the re lat i ve ly h igher temperature, more sal ine 
\: ater moving upward (through upconing) causes this temperature 
anomaly.  I n  contrast, groundwater samples col l ected from wel l s within 
the courses of Wadi Al Dhaid and Wadi Hamdah show much lower 
temperatures ( 32°C).  These wel l s  poss ib ly intercept re lat ively cooler 
recharge water at i t  moves from the eastern mountains towards west . 
Hydrogen- ion concentration (PH)  of groundwater is  control led by the 
amount of d i ssolved carbon d iox ide (C02),  carbonates (CO/- )  and 
bicarbonates ( HC03 -) ( Domenico and Schwartz, 1 990) .  F igure 4 . 1 5  is an 
i so-pH contour map of groundwater i n  the A l  Dhaid area. It i l lustrates 
that the h igh pH waters are those obtained from the mafic and u l tramafic 
oph io l i t i c  rocks  a long the eastern front of the study area (pH near 1 1  were 
measured i n  some oph io l i te-dominated areas Warren Wood, Personal 
comm. ,  1 999) .  On the other hand, the Al Fayah carbonate mountains i n  
the southwestern part of  the  study area exert thei r  buffering effect on 
groundwater 's  p H  keeping i t  near neutra l .  
The e lectrica l  conductance (EC)  of groundwater samples col l ected 
from the Al Dha id  area i s  low « 1 500 � S/cm )  i n  the east and along the 
courses of m ajor wadi s  dra in ing the Northern Oman Mountains and 
crossing the study area from east to west such Wadi S ij i  and Wadi 
N 
.J n 
7 • 
Figll loe 4 . 1 5. I so-p H c o n tO ll re m a p  of g ro u ndwa te.o sam p l es col l ected from t h e  
s t u d y  a rea,  d u r i n g  t h e  pe.o iod J 995- ] 996 
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Hamdah. The EC increases to 4500 IlSfcm in the northwest and 7500 Il 
fcm in the southwest, in the d i rections of groundwater flow ( F igure 
4 . 1 6) .  The h igh EC (sal in i ty )  i n  the southwest can be attributed to the 
presence of sabkha and evaporite-rich sed iments there .  Upon dissolut ion, 
these depos its charge groundwater with more ions. 
4.3.2 Major Cations 
The sequence of cat ion dominance in groundwater of the A l  Dhaid 
area has the order: Na+> Mg2+> Ca2+, whereas the sequence of anion 
dominance has the order: cr> SO/-> HC03-. The Ca2, Mg2+ and Na+ 
concentrations are low along the eastern front of the study area, and 
increase towards west and southwest (F igures 4 . 1 7, 4 . 1 8  and 4 . 1 9) .  The 
ci+ concentrat ion i ncreases from 20 mg/l in the east to 1 00 mg/l i n  the 
southwest, whi l e  the Mg2+ va lues jump from 50 mg/l to 200 mgfl a long 
the same trend.  The h igh Mg2+ in groundwater of the study area is a resu l t  
of d issol ut ion of the u l tramafic ophiol i t ic  rocks of the Northern Oman 
Mounta ins  i n  the east. The low Mg2+ around the A l  Dhaid c ity indicates 
that the groundwater i n  the upper aqu i fer is pumped out and that the l ow 
Mg2+ water represents groundwater moving upward from the l ower 
aqu i fer. The Na+ content r i ses from 200 mg/I in the east to 1 200 mg/l i n  
the southwest, i n  the d i rection of groundwater flow. Low cat ion 
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Figu re 4. 1 7. Iso-con centrat ion  con to u r  m a p  ( m g/I ) of t h e  C�· in g l'ou n dwa ter of t h e  
s t u d y  a rea, i n  1 996.  
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Figu re 4 . 1 8. I o-co n ce n t rat ion con to u r  m ap ( m g/I ) o f  t h e  Mg-+ i n  t h e  gro u n dwater of  
the t u d) a rea in 1 996. 
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Figu re 4. 1 9. I so-conce n t rat ion con to u re m a p  ( m g/I ) o f  t h e  N; i n  gro u ndwater of  
t h e  s t u d), a rea i n  1 996. 
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concentrat ions al so characterize groundwater samples obtained from 
we l l s  located along the courses of major wadis ,  crossing the study area 
from east to \ est. These wadis  act as conduits of low-sal in ity recharge 
water mov ing from the Northern Oman Mountains towards the Arabian 
Gul f. 
4.3.3 Major Anions 
Detected carbonate- ion (CO/- )  concentrat ions in groundwater of the 
I Dhaid area occur around the Al Dhaid c i ty, where the pH is relatively 
high. In contrast to most water-dissolved ions, BC03- shows enrichment 
in recharge areas, due to d issolution of carbon dioxide in the atmosphere, 
and decreases i n  the d i rection of groundwater flow. However, h igh HC03-
can be a l so rel ated to the carbon d ioxide (C02) in soi l s  or d issolution of 
carbonate rocks (Dav is  and DeWeist, 1 966). F igure 4 .20 shows that the 
HC03- content decreases from 250 mg/ l  in the east central area to about 
5 0  mg/l  at the Al Dhaid c i ty.  From there, HC03- value increases again i n  
associ ation with possib le  d issolution of carbonate rocks, espec ia l ly i n  the 
Al Fayah Mountains i n  the southwestern part of the study area. The low 
HC03- concentrations around the A l  Dhaid c ity can be related to the 
exploitation of most of the near-surface, younger water in the shal low 
aqu i fer. 
N 
Figu re 4.20. I so-concentrat ion con t o u r  m ap ( m g/I ) o f  t h e  HC03 i n  grou n dwater of  
the  s tudy a rea in  1 996. 
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As in case of other amons except HC03-, the i so-concentration 
contour map shows a steady increase i n  SO./ contents from east to west 
in  the d i rect ion of groundwater flow ( F igure 4 .2 1 ) . Dissolution of 
Sabkhas and evaporite deposits are responsible for high SO./ content 
( 1 000 mg/I ) in groundwater of the southwestern part of the study area. 
The S042- concentrat ion a lso increases from a 1 00 mg/l in the east to 400 
mg/l in the northwest, a long the flow path of groundwater towards the 
Arabian Gulf.  
The d istribution of ch loride ion  (Cn i n  groundwater of the Al Dhaid 
area resembles that of sol- (Figure 4 .22) .  H igh cr concentrations are 
associated with d issolut ion of sabkhas and evaporites i n  the southwestern 
part of the study are . H igh cr can be a l so rel ated to the upconing of 
more-sal in i ty water from the lower aqui fer as a resu lt of heavy 
groundwater pumping. The cr can be a lso enriched in groundwater as a 
resu lt  of  salt-water i ntrus ion from the Arabi an Gul f  i n  the northwest. 
4.3. 4 Ionic Ratios 
I on i c  rati os expressed i n  equivalent per l iter (epm) , show the relative 
concentrations of various ions and can be used to indicate the 
predomi nance of a part i cu lar i on and to define locations of salt-water 
i ntrus ion.  
1 0 1  
N 
a -
Figu re ".2 1 .  I so-con cent ra t io n  con to u r  m a p  ( m g/J ) of the SO .. in grou ndwater of 
t he s t u d. a rea in  1 996. 
N 
Figu l'e 4.22 I s o-con cen t rat ion con to u r  m a p  ( m g/l)  o f  t h e  cr in  gro u nd",'ater o f  
t h e  s t u dy a rea i n  1 996. 
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The alMg rat io i s  < 1  i n  most groundwater samples from the study 
area, re fl ecting the infl uence of d i ssol ution of Mg-ri ch mafic and 
ul tramatic  rocks in the Northern Oman Mountains (F igure 4 .23 ) .  The ion­
depleted ra inwater dissol ves magnesium from the ophiol i t ic rocks 
const ituting the Northern Oman Mountains in  UAE .  This  leads Mg2+ 
content higher than a2+ . An except ion to this is the groundwater in the 
Al Fayah carbonate mountains, which upon d issolution by rain re leases 
more Ca2+ i n  groundwater and consequently  a Ca/Mg ratio > 1 .  
The ClI(C03+ HC03) ratio i s  used to evaluate sal t-water intnlsion, 
either from neighboring areas or from underlying formations. The 
chloride-ion (Cl) i s  a dominant anion i n  salt water and normal ly occurs i n  
smal l amounts in  groundwater. On the other hand, the bicarbonate- ion 
( HC03-) i s  the most abundant anion in  groundwater. F igure 4 .24 
i l l ustrates that, except for the eastern strip and courses of major wadis  
(ClI(C03+HC03) < 1 ), the  study area i s  suffering from a serious salt-water 
intrus ion problem i n  the north ,  west and southwestern parts 
(C l/(C03+HC03)  > 1 ) . The eause of i ncreasing groundwater sal in i ty can 
be rel ated to upeoning, d i ssolut ion of sabkhas and evapori tes, or sal i ne­
water encroachment from the sea. It seems that a l l  the three mechanisms 
are in effect at variable degrees within the study area. 
N 
Ca / Mg < 1 
Ca I Mg < 1 
Ca l Mg > 1 
Figu re 4.23. Con t o u r m ap s h ow i n g  t h e  d is t r i b u t ion of  C�·/ Mf rat io i n  grou ndwater o f  
t h e  t u d) a rea.  
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Cf / Co3+HCo3 >1  
CI / Co3+HCo2 <1  
/sabkhas 
1 -
a - -
Figure  ·t2.t. C o n tou r m ap s h ow i n g  t h e  d is t r ibu t ion of  Cr/ ( C03 + H C03 ) ra t io i n  
g ro u n dwa ter o f  t h e  s t u d y  area. 
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The ,/ I rat i is  < 1 in gr und\ ater of most of the study area 
indicating the dominance of r ( F igure 4 .25) . I n  contrast, the 
outh\ tern corner of the Al haid area is characterized by 04/ I rat io 
> 1 due t the presence of sabkha and e aporite deposits in th is  part .  
Th 1 rati in eawat r is les than unity (0 .85), v hi I e  groundwater 
has Nal 1 rat ios greater than un ity ( Hounslow, 1 995) .  Therefore it i s  a lso 
us d to ind icate ar as suffering from salt-water intrusion. The NalC l rat io 
< 1 in most of the Al Dhaid area suggesting that the sal t-water 
intrusion affects most of the study area (Figure 4 .26) .  Thi s  fact supports 
the resu l ts obtai ned from the C lI(C03+HC03) ratio .  On ly the eastern str ip 
f the study area in addit ion to the courses of major wadis  have NalC l 
rat io > 1 .  
4.3. 5 �Vater Quality 
The concentrat ions of n itrate ion (N03) and total i ron ( Fe), i n  addit ion 
to water hardness and sodium adsorption ratio (SAR) were used as quick 
i ndicators of water qual i ty in the study area. According to Freeze and 
Cherry ( 1 979), N03- is the most common ident ified contaminant in water. 
The WHO ( 1 97 1 )  recommended l im its for nitrate in drinking water is 45 
mg/I as n i trate (N03) and 1 0  mg/l as N03--N. This  l im i t  is exceeded i n  
N 
804 1 CI < 1 
804 1 CI > 1 
F i g u re 4.25.  C o n t o u r m ap show i n g  t h e  d is tri b u t io n  of  S04- / cr ra t io  i n  grou ndwater 
o f  t h e  s t u d )  area i n  1 996. 
N 
Na I CI > 1 
� 
-
Na I CI < 1 
t-
a f e! > 1 
\. 
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Figu re 4.26. Con to u r  m ap shovt'ing t h e  d is t r i b u t io n  of  N� / cr rat io  in  g ro u n dwater 
of  t h e  s t u d y  area in 1 996. 
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the north-central and eastern parts of the study area where intensive 
munic ipal and farming acti i t ies exist ( F igure 4 .27) .  
I ron ( Fe)  is  toxic to  some aquat ic spec ies a t  concentrations of 0 .32 to 
1 . 00 mg/ I .  A water qual i ty criterion for iron of 0 .3  mg/I has been 
uggested for domest ic uses. For aquat ic l i fe, maximum iron content of 
1 .0 mg/I is the cri terion . I ron is a very common e lement in rocks and soi l s  
of the A l  Dhaid  area. However, because the upper aqu i fer i s  free to 
semi -confi ned where enough amounts of oxygen pers ist, low i ron 
concentrat ions were measured in groundwater samp les co l l ected from 
most of the study area. I ron content >0 .3 1 exist in the southwestern comer 
of the study area (F igure 4 .28) .  Thi s  area, as indicated from previous 
d i scussions, has h ighest sal in i ty and l east qual ity water. 
Water hardness resu l ts  from the presence of abundant concentrations 
of ci+ and Mg2+. The groundwater in the Al Dhaid area varies from soft 
(total hardness as CaC03 i s  < 1 00 mg/l ) to very hard (total hardness as 
CaC03 is > 1 500 mg/l) .  Groundwater in the eastern part of the study area 
i s  soft, whereas groundwater i n  the northern, western and southwestern 
parts is hard to very hard ( Figure 4 .29).  
N 
N03 - N > 10 
N03 - N > 10 
� 
N03 - N < 10 
� 
l lO 
Figu re 4.27.  I so-con cen trat ion m a p  ( ru g/I ) o f  t h e  N 03 i n  t h e  grou nd water 
o f  the s t u d y  area in 1 996. 
I I  t 
N 
Figu re 4.28. I so-con cent rat ion  contour  m ap ( m g/I ) o f  total  i ron (Fe)  i n  groundwater 
o f  s t u d }  a rea i n  1 996. 
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The sodium adsorpt ion rat io ( SAR) of groundwater in the Al Dhaid 
area i s  predominant ly < 1 0, which i s  good for i lTigat ion water. But, 
groundwater in the Fayah l imestone Mountains has SAR > 1 6, which is 
harmful  for plants if this water were used for ilTigat ion.  The northeastern 
orner of the study area has SAR val ues in excess of 1 3  (F ig. 4 .30). 
4.3. 6 Water Types 
The main purpose of the tri l inear d iagram proposed by P iper ( 1 944) i s  
to  show d i fferent water types in  a part icu lar area. The d iamond-shaped 
fie ld  of this  d iagram consi sts of two equal triangu lar fields .  Water which 
appears in  the upper triangle has secondary sal in i ty propert ies, where 
( S042- + cr) exceed (Na + and K+) and the characteristic water types are 
Ca and Mg chlorides and sulphates. On the other hand, those which 
appear in the lower triangle are considered to have primary alkal in i ty 
propert ies where (CO/- + HC03-) exceed (Ca2+ + Mg2+), and the 
characterist ic water types are Na and K carbonates and bicarbonates 
( Walton, 1 970) .  
F igure 4 .3 1 shows a tri l i near p lot groundwater samples from the Al 
Dhaid area, on which three water types can be d i st ingui shed: Type-A 
water is characterized by H igh Ca2+ and Mg2+ ions. Thi s  type represents 
groundwater samples col l ected from the Northern Oman Mountains in  
l l � 
N SAR > 1 8  
Figu re -t.30. Iso-SA R  contou r m ap o f  grou n d water i n  t h e  s tudy a rea i n  1 996. 
Figure 4 .::;  1 .  A tnllnear plOT 0- 1- au g-l O UTrCn'V-C'�YJ. -.,o.LUpCJ:""O �Q-n -_"' � ... _- � � - ­
the study area in 1 996 .  
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UAE, wh ich i s  located in  the eastern part of the study area. Type-B water 
is dominated by Na+ and c r  ions and represents water samples col lected 
from the grave l p la in .  Type-AB waters are groundwater samples of mixed 
origin of both A and B types. 
Table 4 .3 Compari son of water-qual i ty parameters in  the study area and 
the drinking water standards of the World Health Organization 
( WH O, 1 984) and GCC ( 1 993 ) standards. 
Pa ra meter S tudy a rea WHO GCC 
Maximum M in imum Mean Guidel ine Max.  level 
PH 1 1 .20  6 .95 7 .8 1 6 .5 - 8 . 5  605 - 8 .5  
Temp. "c 43 . 1 0  28 .20 34 .32  
TDS 1 420 440 894 1 000 1 00 - 1 000 
EC 9 1 70 366 2759 1 400 1 60 - 1 400 
Hardness ? ? ? 500 500 
Ca2+ 2 7 1 6 3 9  75  - 200 200 
Mg�+ 3 79 6 75 30  - 1 50 30  - 1 50 
Na+ 1 6 1 5  1 5  422 200 200 
HC03- 488 3 7  243 .99 
cr 2 3 79 5 5  632 .82 250 250 
N03- 1 0  1 0  
S04- 1 86 1  4 228 .99 200 - 400 400 
F 1 4  0 . 1 0  4 .84 l . 50  0 .6 - l . 7 
Fe 0 .35  0 0.0 1 0 .3 - 1 0 .30  
Zn 0.20 0 . 1 0  0 . 1 5  5 5 
Cu 0. 1 0  0 . 1 0  0 . 1 0  1 - 1 .5 1 
Pb 0 .20 0 .0 1 0 .06 0 .05 0 .05 
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C H  PTE R 5 
G EOG RA P H I CA L  I N FO RM ATION SYSTEM (G IS)  MODE L I NG 
O F  G ROUN DWATE R  POTENTI A L ITY 
5. 1 I n trod uct ion 
The geographic infonnation system (GIS)  i s  an effic ient tool for 
studying assessment and management of natural resources ( Lang, 1 998) .  
Rofa i l ,  et a l .  ( 1 998)  defined G I S  as "an organized col lect ion of computer 
hardware, software, geographic data and personal design to efficient ly 
capture, store, update, man ipu late, analyze and d isp lay al l fonns of 
geographical ly referenced infonnation". 
I n  the present study, G I S  technique were used to cross corre late soi l  
su itabi l i ty map groundwater qual ity and hydrau l i c  head maps in  addit ion 
to the preva i l ing geologic structures. The resu l ts  of th is  corre lat ion could  
guide future groundwater development p lans and agricul ture act ivi t ies i n  
the study area and other areas i n  the country as  wel l .  
5.2 Model Construction 
The analyses were carried out using Arc View GIS 3 . 2  package (ESRI 
products) with ArcView S patial Analyst. F igure 5 . 1 i s  the flow chart of 
the analytical model developed to ach ieve the obj ectives of th is  part of 
the study. Two sets of data were inc luded in the database constructed by 
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Figure 5 . 1 .  A flow chart of  the GIS  analytical model of the study area 
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the researcher for the purpose of th is  study; field surveyed data and 
d igit ized data . The fie ld data describe spec i fic parameters such as 
geographic coord inates (x y) of di fferent val ues such as water level  and 
TDS contents in water wel l s .  These data are based on the resu l t  of field 
survey and laboratory analyses of groundwater samples .  The digit ized 
data included a so i l  c lassi ficat ion map, a geologic structures map and a 
map showing major drainage basins .  The steps fol l owed i n  construct ion 
of the present model are as fo l lows : 
a .  F ie ld data inc luding point data of TDS, total hardness, Sodium 
Adsorption Rat io (SAR), depth to groundwater and coord inates 
(x,y) of a l l  data points were stored in  data base of a dbf 4 
format. 
b. F ie ld data were then transformed into point data (vector) using a 
un ified grid, based on the soi l  map for the study area as an 
extend ( coordinates) for a l l  output maps and models .  
c .  Surface i nterpolat ion ( raster) of an accuracy 5 0  x 5 0  m was 
assigned for each data point .  
d .  Data points were regroup accordi ng to selected cri teria i nto re­
c l assed gri d-zone maps. 
e. The soi l  map, geologic structures map and drainage l i nes map 
were d igi t ized into 50 x 50 m gri d  data (raster). 
f. Selected l ayers of grid data were superimposed according to 
certain cri teria using the cel l -based model ing technique. 
g .  Other mode ls  were constructed, based on buffering and 
overlaying techniques of drainage l ines, major geologic 
structures and ms zoned maps. 
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Th input data of the G I S  model of the A l  Dhaid area can be general ly  
described as  fol lows : 
a. Groundwater Observat ion Wel l s  
Two groups of groundwater observation wel l s were used. The first 
group was the observation wel l s  of Min istry of Agriculture and 
F i sheries (MAP) .  These wel l s  were used to measure the groundwater 
depth from the land surface (depth to water). The second group of 
wel l s  was the pumping we l l s  in private farms .  These wel ls were used 
for co l lection of water sample for chemical analysi s .  
b .  Total D issolved Sol ids (mS) 
The groundwater sal in ity values i n  m i l l igrams per l iter ( mg/l )  were 
deduced from the electri cal conductivity values. I so-sal in ity contour 
maps were constructed as i l lustrated in F igures 5 . 2  and 5 . 3 .  
c .  Total Hardness (TH) 
The i so-total hardness zoned map of groundwater in the study area i s  
i l lustrated in  F igure 5 .4 .  The dark b lue zones represent areas of 
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ground\ ater \ ith TH � 80 mg/I . the l ight b lue zone represent 
groundwater with TH > 80 mg/I . 
d .  Sod ium Adsorption Rat io ( SAR) 
The SAR was calcu lated for a l l  groundwater samples and presented in 
the zoned map on F igure 5 . 5 .  The l ight v io let zone refers to 
groundwater with SAR � 1 0 . The dark vio let zone refer to groundwater 
with SAR > 1 0  
e .  So i l  C lassi fication 
The soi l c lassi fication map for the study area was prepared by the 
J I CA project in 1 996. The map contains seven soi l  types :  Calciorthids, 
Torrifluvents, Torripsaments-2 , Gypsiorth ids, Torriorthents, Wadi 
Beds and Rock Outcrops. The fi rst three soi l  types are considered 
su itable types for agricu lture, whereas the other four soi l types were 
considered unsui table types for agriculture . 
f. Geologic Structures and Drainage L ines.  
The geologic structures were deduced from the geophysica l  data presented 
i n  Chapter 3 .  The drainage l ines were traced and d ig it ized from soi l 
c lass ification map of the study area. 
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5.3 D i  cu  ion of Re u l t  
The fol lowing d i scussion inc ludes the zoned maps, output models  and 
interrelat ion between d i fferent parameters .  
5.3. 1 Zoned Map 
The groundwater sal in i ty d i stribut ion maps show two d ist inct zones. 
Figure 5 .2 shows that the groundwater with TDS :s 1 500 mg/I occurs 
paral lel to the eastern and southeastern boundary of the study area; c lose 
to the Northern Oman Mountains and a long the course of main wadis .  
The :s 3000 mg/l IDS exist i nto two zones occupying the western and 
southwestern parts of the study area. 
The groundwater i n  the study area is main ly hard to very hard . Soft 
water (TH :s 80 mg/ l )  occurs as two i solated rounded c i rc les along the 
eastern boundary of the study area ( F ig.  5 .4) .  
The calcu lated SAR va lues of groundwater i n  the Al Dhaid area are 
i l lustrated i n  F igure 5 . 5 .  Most of  the groundwater wi th in the study area 
has SAR :s 1 0 . Loca l ized zones i n  the northeastern and southeastern 
comers of the study area have SAR values > 1 0. Groundwater in these 
areas i s  hazardous to soi l and p lants when i t  i s  used for i rrigation.  The 
course of wadi kadra i s  a l so characterized by h igh SAR values. The high 
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R values usua l ly  characterize the groundwater movmg through 
l i mestone aqui fers .  
The depth to groundwater around Al  Dhaid  is  most ly :s 45 m except 
for the area east of Al Dhaid,  where the depth to water is greater than 45 
m (F ig.  5 .6) .  
J I  A ( 1 996) constnlcted a so i l  map for the study area. Th i s  map 
shows seven soi l  types:  Ca1c iorth ids, Torri fluvents, Torripsaments-2, 
Gypsiorth ids, TorriOlihents, Wadi Beds and Rock Outcrops ( F ig .  5 . 7) .  
The Ca1ciorth ids,  Torri fluvents and Torripsaments-2 soi l types are 
considered as one group which is suitable for agricu l ture accord ing to the 
ava i lable soi l types in UAB (Abrol ,  1 988) .  On the other hand, 
G psiOlih ids, TOlTIorthents, Wadi Beds and Rock Outcrops represent the 
second group which was considered unsuitable for agricultural purposes 
(F ig.  5 . 8) .  
The drainage l i nes d issecting the study area originate in the Northern 
Oman Mountain in UAB.  A lmost al l wadis  move from east to west and 
northernwest converging i n  a single wadi channel ( Wadi Lamaha). Thi s  
wadi reaches the Arabian Gu lf  in  the northern western comer of the study 
area ( Fig.  5 .9) .  The drainage l ines in the mountainous areas are control led 
as indicated by the rectangular and para l le l  patterns, whereas the drainage 
pattern of wad is  crossi ng the gravel  p la in i n  western part of the study area 
is mainly dendrit ic .  The major fau l t  l i nes affecting the study area are the 
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Dipth to groundwater in the study area. 
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Soil Classification for the study area. 
Source: flCA 1 996. 
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Different soil categories within the study area. 
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Figure 5.9 
The main drainage lines within the study area. 
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n rtheast-south est Dibba zone trend, the northwest-southeast Wadi 
Ham l i ne and th east-\ est trend of Hatta zone (F ig.  5 . 1 0 ) 
Both the Dibba zone trend and Wad i Ham l ine have major influence 
on the study area. F igur 5 . 1 1 i l l ustrates a combined map of major fau l t  
trends and the ma in  drainage l ines. Thi s  map shows that several stream 
s gm nts coincide with celiain fau lt trends, spec ia l ly in the eastern and 
southeastern parts of the study area. 
5.3. 2 Cro Correlation Model 
The fol lowing d iscussion i s  based on combination of se l ected 
parameters represented on the previously di scussed maps in order to 
access the groundwater potent ia l i ty and l and use p lanni ng in the study 
area. 
The combination of groundwater sal in i ty (espressed in TDS contents) 
and total hardness (TH) zoned maps (F ig. 5 . 1 2) show that most 
groundwater in the study area has sal in i ty > 1 500 mg/l and TH > 80 mg/I .  
Only  two sma l l  rounded areas east of AI Dhaid conta in  groundwater with 
IDS < 1 500 mg/I and TH � 80 mg/I .  
A combination of  groundwater of TDS �3000 mg/I and SAR � 1 0  i s  
i l lustrated i n  F igure 5 . 1 3 . The figure shows that the groundwater i n  most 
of the study area is su i tab le  for i rrigat ion.  Areas in the north and 
1 3 
380000 385000 390000 395000 400000 
28 10� --------t-------�r_----+__+--�----�--------2810� 
2805000 -+---------+--- -r----�r_+_�------�-------2W5� 
2800� --t--------+------��--____:�t!'::....I___+----_+---------2800000 
2795000 -t--------+-f-------+--------����_j1_-------2795000 
27W�_+--------_r��----4_----��+_------�r_-------27WOOO 
2785� _+--------_r+------,I'T-----l---+_------�r_-------2785000 
27W� -+------,�-+---------+---------''_+---�L---1__-------2780000 
2775000 -t---------+---------\--+----F---++---------I-------- 2775000 
2noooo�------�������--��--+_��----�--------2770000 
2765000 -+---------I+--------�--------+_--------�--------2765000 
380000 385000 390000 395000 4000  
Figure 5. 1 0  
Major faIt trends affecting the study area, Digitized from gravity data. 
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Influance of structural trends on the drainage network of the study area. 
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Total Dissolved Solids (IDS) in mgIL & Total Hardness in mgIL 
of groundwater samples from the study area. 
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Total Dissolved Solids (IDS) in mgIL 
and Sodiwn Adsoption Ratio (SAR) for the study area. 
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s uthwestern parts have high alu s of sal in i ty and R and their 
ground\ ater is not suitable for i rrigation of trad i t ional crops. 
he shal low (depth to water � 45 m) fresh groundwater (TD � 1 500 
mg/I occurs in the southern part of the study area ( F igure 5 . 1 4 ). There 
\ r no areas of depth to water � 45 m, TDS � 1 500 mg/I and TH � 80 
mg/\ . 
he zones of moderate sal in i ty groundwater (TDS � 3000 mg/l ) low 
AR values (� 1 0) and soi l type su i table for agriculture are i l l ustrated in  
F igure 5 . 1 5 . The north central part of the study area, i ncluding the A l  
Dhaid c i ty ,  and the south central part meet these cri teria.  Both areas are, 
therefore, sui table for agricul ture . 
The shal low ' (depth to water � 45  m) ,  moderate qual i ty groundwater 
(IDS � 3 000 mg/ l )  with low SAR (� 1 0) occurs to north and west of the 
A l  Dhaid c i ty in addi t ion to the south central area (F igure 5 . 1 6) .  These 
areas coinc ide wi th the zones sui table for agr icul ture i l lustrated in F igure 
5 . 1 5 . 
F igure 5 . 1 7  show the zones with in the study area in  which 
groundwater is shal low (depth to water � 45 m),  of a moderate sal in i ty 
(TDS < 3 000 mg/l ),  low SAR ( SAR � 1 0) and soi l  types suitable for 
agricu lture .  Thi s  model again supports the resul ts i l l ustrated in  F igures 
5 . 1 5  and 5 . 1 6. 
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Figure 5. 5 
Total Dissolved Solids (IDS) in mgIL, Sodium Adsoption Ratio (SAR) 
and suitable soil for agriculture. 
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n overl ay of TDS � 1 500 mg/l , drainage l ines and fau l t  zones 
(given a suggested bu ffer zone of 300 m wide) is i l l ustrated in Figure 
5 . 1 8 . Th is  overlay reveal s  the areas of h igh groundwater potentia l i ty 
which represent preferable s ites of future new farms and high production 
water wel ls .  These areas are characterized by high groundwater 
potent iu l i t i  s and presence of so i l  types suitab le  for agricu lture .  
The con-e lat ions described above can provide guidness for land use 
p lanning, groundwater avai lab i l i ty and su i tabi l i ty of soi l  for agriculture 
purposes. 
Because most wadi sides encompass farms, a 50  m wide protection 
zones are proposed . In  these zones no dumping of wastes shou ld be 
al lowed and human related act iv i t ies  must be kept at the m in imum level  
(F ig. 5 . 1 9) 
F igure 5 .20 shows the locat ion of groundwater observation wel l s .  I t  i s  
a l so suggested that protection zones must be  app l ied for them and other 
water supply wel l  fields.  An arbitrary d is tance of 300 m i s  suggested in  
th i s  model . However, more accurate calcu lat ion of required protection 
d istance can be obtained from pumping test results .  
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Figure 5 . 1 8 . Combination of groundwater sal i nity, drainage l ines and 
maj or structural zones affecting the study area. 
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The main drainage lines with 50 m conserved zone. 
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C HA PT R E 6 
CONCLUSIONS 
6. 1 .  I n t rod uct ion 
The findings of previous studies, in  addit ion to  the resu lts of the 
present geophysical invest igations hydrogeologic and hydrogeochemical 
studi es, water qual i ty analys i s  and G I S  model ing techniques were used in  
th i s  study. 
The fol lowing is description of the main conclusions reached based on 
the resu l ts of th is  study: 
6.2. Conc lus ions  based on geophysical  i nvestiga t ions 
1 .  Resu lts of gravi ty ana lysis out l ined the structu ral p icture of the Al  
Dhaid area. The gravi ty anomal ies yie lded three fau l t  trends; the ENE­
WSW, NNW-SSE and E-W. The fault  d isplacements range from 70 m 
to 320  m .  The calculated th ickness of  the sed imentary sect ion above 
the oph io l i te series  varies between 700 m at the southeastern end of the 
profi le  and more than 3 5 00 m at i ts northwestern end. The majority of 
fau lts h ave thei r  downthrown s ides towards the northwest . 
2 .  The geoeletrical res ist iv i ty survey i nc luded DC-electrical resi st iv i ty 
and t i me domain e lectromagnetic .  The TDEM measurements were 
in terpreted i n  the present work and the results are given in terms of 
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thicknesses, resis i t iv i t ies and total d issolved salts In  d i fferent 
geoelectric J ayers : 
a. The thickness of the first layer ranges from 1 . 5 m in  the northwest 
to 5 m in the west . The resis i t iv i ty ranges from 500 to 2000 Ohm.m 
and the total di ssolved salts (mS ) are very smal l  ranging from 1 0  
to 5 0  ppm. 
b. The thickness of the second l ayer vanes between 5 m III the 
southern part and >5 m in the central and northern parts. I n  the 
southern part ,  the resi st iv i ty is low (205 Ohm.m) whi le the 
h ighest resi st iv i ty value of this l ayer (605 Ohm.m) was calcu lated 
i n  the northern part of the study area. The ms in this layer 
ranges from 200 to 2000 ppm. 
c .  The thickness of the third layer vanes between 28 m in the 
southeastern comer and 1 50 m in the northern part of the area. 
The calcu lated true resi st ivity is about 1 0  Ohm.m in the 
northwestern comer, whi le values of > 1 000 Ohm.m were 
ca lcu lated i n  the m iddle part of the study area. The TDS ranges 
from 1 00 ppm at the eastern comer of the study area and 300 ppm 
at the western part. 
d. The fourth geoel ectric l ayer has a th ickness of 80 ill in the western 
comer and 450 m in the northern part of the study area. The true 
res ist ivity i s  2 Ohm. m  i n  the northwestern comer and 1 00 Ohm.ill 
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in  the northeastern part of the study area. The IDS distribution 
shows a great fluctuat ion, ranging from 1 00 ppm to 7500 ppm. 
3 .  The analysis geophysical wel l  logs yielded informat ion about 
petrophysical parameters of the d i fferent layers and the characteristics 
of saturating fluids .  Analyses of cal i per gamma rays, res ist iv i ty, 
neutron, densi ty sonic ,  temperature, conduct iv i ty and hydrochemistry 
logs gave informat ion about the rock type, porosi ty, fracturing, 
penneab i l i ty bed att i tude, structure, c lay content, total di ssolved salts 
and groundwater flow d irections in the study area. 
a .  Porositys of <5% Lst were calculated in some carbonate rocks, 
whi le values >40% L st were found in some dolomit ic rocks. The 
presence of fractures fac i l i tates great ly  the movement of 
groundwater through rock cracks and voids. 
b. The calculated TDS pattern gave an idea about salt-water i ntrusion 
i n  some local i t ies, which can be fu l ly understood i f  fracture 
analyses are considered i n  the future . 
A comparative study of sal i n i ty d i stribution in  salt-water i ntruded areas, 
fractures pattern in d i fferent l ayers and temperature anomal ies, shows the 
d i rect ion of groundwater fl ow, which can be e ither a recharge or salt­
water i ntrusion i nto the aqui fer. 
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6.3. Conc l u ions  based on  hyd rogeologica l stud ies 
1 .  Three hydrogeologic units were ident ified in the Al Dhaid area; an 
upper free to semi-confi ned aqu ifer, an aqu ic lude and a lower confined 
aqu ifer. 
2. The regional groundwater flow direction occurs from the Northern 
Oman Mountain in east towards the Arabian Gulf in the west and 
northwest . 
3 .  Between 1 984 and 1 999, a 20 km diameter cone-of-depression, 
centered around the observation wel l  GP- 1 5 , resulted from excessive 
groundwater pumping for d ifferent purposes. In  1 999, a maximum 
drawdown of 50 m was observed is wel l  GP- 1 5 . 
4 .  The Northern Oman Mountains are the main recharge area for 
groundwater i n  the A l  Dhaid area, whi le the Arabian Gulf i s  the main 
natural d ischarge area. 
5. The average hydraul i c  gradient is steep (0.025 )  along the footh i l l s  of 
the Northern Oman Mountains in the east and gentle (0 .005 ) in the 
western region. 
1 50 
6.4.  Conc lu  ions  based on hyd rogeochemica l  s tud ies 
1 .  The total di ssolved sol ids (IDS) in groundwater of the Al Dhaid area 
changes from <750 mg/I in the northeast to 3000 mg/I in the central 
area and >7500 mg/l in the southwest. 
2. The sequence of cation dominance in groundwater of the Ai Dhaid area 
i s  Na +> Mg2+> Ca2+, whereas the sequence of anion dominance i s  c r> 
SO.t> HC03-. 
3 .  Based on the TDS contents, concentrations of major ions and 
total hardness, groundwater in some parts in and around the Al  
Dhaid c i ty i s  not suitable for drinking or  domesti c  purposes. 
4. The ca lculated total hardness of groundwater in  Al  Dhaid area shows 
that this water is hard around the Al Dhaid c i ty and very hard 
everywhere e lse .  Soft water exists in  the eastern part of the study area 
and a long the courses of main wadis .  
5 .  The e lectrical conductiv ity (EC) and concentrations of ca lc ium, 
sodium, potassium, chloride and sulphate ions are al l i ncreasing from 
the east towards the west and northwest, in the d irection of 
groundwater flow. 
6. The concentrations of n itrate in the study area are above the WHO 
( 1 984) recommended l i m its for drinking water in  the north central part 
l S I  
o f  the study area due to intensi e app l icat ion of chemical ferti l izers i n  
agricu lture i n  this area. 
6.5 Concl us ions  based on G IS mode l ing  
1 .  The results of GIS  model ing indicate that the eastern strip of the study 
area is the most favorable  region of h igh groundwater potential i ty 
because: 
a .  Both areas witness the intersection of more than one structural trend, 
which seems to control groundwater movement and recharge. 
b. Both areas have soft groundwater (TH � 80 mg/l )  with of low 
sal in i ty (TDS � 1 500 mg/l) .  
c .  Both areas are near the upstream of Wadi Al Dhaid i n  the north and 
Wadi s  of Kadra and Shoka in the south. 
2 .  The area around the Al  Dhaid c ity and the south central area are 
favorable for agricul ture due to the fol lowings : 
a .  Both areas have TDS � 3 000 mg/I .  
b .  SA.R values � l O i n  both areas. 
c. Soi l types are su itable for agriculture. 
d. Depth to groundwater shal low (� 45 m). 
3. Because wadi channe ls  within the study area contain several water 
production wel ls, which are used mainly for domestic purposes, it i s  
p roposed to min imize or  even prohib it urban and agricultural act iv ities 
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in the upstream side of these wel l s  and ass ign them as groundwater 
protection zones to maintain good qua l i ty groundwater supply .  
4 .  Because of the presence of farms within the courses of several wadi 
channe l s, it is a lso suggested to control urban activit ies that can impose 
negat ive effects on groundwater feeding these farms.  
4. For further in est igat ions and continuous monitoring of the impact of 
urban and agricu l tural development on groundwater resources of the 
Al Dhaid and s imi lar areas in UAB uti l izing the GIS  capab i l i ties, the 
fo l lowing is needed : 
a .  Arial photograph with accepted accuracy to be used as base 
maps of these studies .  
b .  A GIS l aboratory and a comprehensive environmental database 
at the Min istry of Agriculture and Fisheries .  
Genera l ly  the resul ts obtained represent a contribution to 
understanding the factors affecting groundwater flow, recharge, qual ity, 
groundwater potentia l i ty and l and use for agricultural  purposes. It i s  
recommended that the  resul ts of present fie ld  investigations and GIS 
mode l ing to be considered by the MAF in  the future to i mprove the 
groundwater augmentation and land use p lanning in the study area and 
other areas as wel l .  
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